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Tehopuolijohteiden nopea kehitys viime vuosikymmenien aikana on mahdollis-
tanut myös sähkömoottorikäyttöjen nopean kehityksen. Nykyinen taajuusmuutta-
jateknologia mahdollistaa oikosulkumoottoreiden nopean ja tarkan säädön, mikä ei
ole ollut mahdollista ennen taajuusmuuttajia. Tämän takia halpa ja käyttövarma
oikosulkumoottori taajuusmuuttajalla ohjattuna on korvannut monissa teollisuuden
sovelluksissa kalliimman ja enemmän huoltoa vaativan tasasähkömoottorin. Tämän
vuoksi tehoelektroniikan opintoihin keskittyvien sähkötekniikan diplomi-insinöörien
on tärkeää tuntea oikosulkumoottorikäyttöihin liittyvät ilmiöt.
Tällä hetkellä Tampereen teknillisen yliopiston Sähkötekniikan laitoksella on valit-
tavana useita sähkömoottorikäyttöihin liittyviä kursseja. Sähkömoottorikäytön mal-
linnukseen keskittyvällä kurssilla oli tarvetta kehittää tehtävän harjoitustyön sisältöä
käytännönläheisempään suuntaan. Tätä varten oli suunniteltu rakennettavaksi oiko-
sulkumoottorikäytön testauksseen tarkoitettu testipenkki. Tämän työn aiheena on
kyseisen testipenkin suunnittelu sekä rakennus.
Kyseinen testipenkki suunniteltiin käyttäen dSPACE laitteistoa, joka on tarkoitet-
tu säätöjärjestelmien prototyyppien nopeaan testaukseen ja simulointiin. Tämä lait-
teisto käyttää Matlab Simulink ympäristöä mallien rakentamiseen ja juuri tämän
takia se on erityisen hyödyllinen myös opetuskäytössä. Moottoreiksi valittiin kaksi
2.2kW oikosulkumoottoria ja kaupalliset taajuusmuuttajat hankittiin pääosin tur-
vallisuussyistä. Nämä muodostivat testipenkin rungon. Lisäksi useita mittapiirejä
sekä muita antureita rakennettiin sekä ostettiin.
Testipenkin rakennuksen loppuvaiheessa mittauspiirien toimintaa veriﬁoitiin en-
sin käyttämällä moottoreita takaisinkytkemättömällä ohjausjärjestelmällä ja tarpeel-
liset muutokset tehtiin piireihin ja malliin. Tämän jälkeen suora oikosulkumoottorin
vektorisäätö toteutettiin ja testipenkin takaisinkytketyn ohjauksen toiminta testat-
tiin.
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Fast development of power electronics components in recent decades has enabled
improvements also in electric drives technology. Present inverter technology has
made it possible to accurately control an induction motor, which has previously been
complicated. Therefore, inexpensive, robust and low-maintenance induction motors
supplied with inverters have replaced more expensive and complicated motors in
many industrial applications. Thus, it is important for power electronics engineers
to be familiar with the control and phenomena of induction motor drives.
Currently, the Department of Electrical Engineering at TUT has a range of
courses regarding electric motor drives. However, there was a demand for equip-
ment, which would enable students to verify their model and control of an induction
motor drive in practice. This thesis introduces the design and construction of an
induction motor test bench for these purposes.
The test bench is based on a dSPACE rapid control prototyping system. This
enables the use of Matlab Simulink in model building, which makes it especially
beneﬁcial for teaching purposes. Since, modelling and simulation in the courses
are conducted in that environment. Two 2.2 kW induction motors were selected as
the base of this test bench. Furthermore, commercial converters were purchased to
ensure safe operation. In addition to the main hardware, multiple other components
had to be purchased or designed and manufactured. These included components
such as current measurement circuits, voltage measurement circuits, incremental
encoder for speed measurement, torque measurement component and an external
power supply for these circuits.
Open-loop control was used to verify the operation of the measurement circuitry
after construction of the test bench. Then required modiﬁcations were made to
improve the measurements. After this, a vector control system was implemented
in Simulink, which was then used to verify the closed-loop operation possibilities of
the test bench.
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11. INTRODUCTION
Currently electric motors are responsible for majority of the electricity consump-
tion globally. Mid-sized motors ranging from 0.75 kW to 375 kW in output power
have the largest share in energy consumption among all electric motors [1]. The
largest portion of these are asynchronous motors. Due to high share in electricity
consumption, there is also wide potentials for improving electric motor operation
and eﬃciency. One solution for gaining improvements in eﬃciency is to use variable
frequency drives for motor control [1]. Multiple companies in the Finnish industry
are focused on this technology. Hence, there are substantial possibilities for power
electronics engineers to work at this ﬁeld after graduation from technical universi-
ties. Therefore, it is important to teach engineering students who are focusing on
power electronics, the theory and practice behind electric drives.
Currently the Department of Electrical Engineering at Tampere University of
Technology has a wide range of available courses regarding electric motor theory and
practice. However, there has been a demand for a system that would enable students
to investigate and verify the control design of an induction motor in practice. This
thesis focuses on designing and building this type of test system for the forthcoming
course DEE-34016 Modeling and Control of Electric Drives.
This thesis can be divided into ﬁve main chapters. After the introduction, the
theory regarding direct vector-controlled induction motor drives is presented in the
second chapter. This is carried out by ﬁrst introducing induction motor structure
and theory. Next three-phase AC-AC frequency converter structure and modulation
techniques are presented. After this, the next section present the theory regarding
vector-control system and introduces the induction motor space vector model. Fi-
nally, the system is simulated and results are showed and evaluated.
The third chapter focuses on the construction of the test bench and all of the used
components are presented. In the beginning, the main components including the
motors, converters and dSPACE control system are introduced. The second section
in this chapter is devoted to additional circuitry such as measurement and control
circuits. The ﬁnal part then presents the completed system.
The fourth chapter focuses on testing the system functionality by measurements.
The obtained measurement results are evaluated and compared with the simulations
gained from the theory introduced in the second chapter. The test cases can be
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divided into three categories. First, speed response of the system is tested without
loading the motor. Next, a load step change is applied to the motor. Finally, the
third section tests the motor drive operation during induction motor ﬁeld weakening
region. This part shows that the design and implementation of this test system was
successful, but also some parts had to be left for completion in a later time due to
tight schedule.
Finally the ﬁfth chapter concludes the thesis. In this chapter a recap of what
was done is given and the suitability of this test system for teaching purposes is
evaluated. In the end some future views regarding the use of the test bench are
presented.
32. INDUCTION MOTOR DRIVE THEORY
This chapter is devoted to the basic concepts of an induction motor drive. The ﬁrst
section covers induction motor theory from the structure of the device to the single
phase equivalent circuit model. The second section then covers the basic structure
of a three-phase AC-AC frequency converter and the third section introduces the
basic modulation techniques used with these converters. Finally, the last section
covers the vector controlled induction motor drive model used in the course where
this test bench will be employed.
2.1 Induction motor
Currently, induction motor is the workhorse of the industry. It is the most used
electric motor type in the industry, since it is relatively cheap and robust. Fur-
thermore, it is even suitable for inﬂammable work environments such as sawmills
and chemical factories. Especially, the development of the converter technology has
enabled quite accurate control of the induction motor. Thus making possible the
utilization of induction motor even in applications which require accurate speed
control. This section describes the working principles, structures and steady-state
equivalent circuit of an induction motor.
2.1.1 Induction motor structure
There are two main types of induction motors: a wound rotor induction motor and a
cage rotor induction motor. This chapter focuses only on the latter one, because the
test bench was implemented with a cage rotor type induction motor. The structure
of a cage rotor IM consists of two fundamental parts which are the stator winding
and the cage rotor. These parts are shown in Figure 2.1 where part of the induction
motor frame and stator has been removed. This reveals the laminated cage rotor
connected to the shaft and stator winding surrounding it. Furthermore, additional
structures are sometimes added to the design of the motor in order to gain some
desired features depending on the application.
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Figure 2.1: Induction motor with frame and stator windings partly removed.
The cage rotor consists of conduction bars made from a conductive material.
Usually they are made of aluminium or copper and both ends of the bars are short
circuited with shorting rings. The right side in Figure 2.2 illustrates the main
structure of the cage used in the rotor.
Figure 2.2: The laminated rotor core structure on the left and the rotor cage on the
right. [2]
This type of cage is then placed inside a laminated core to minimize magnetic
leakage and eddy current losses. Main structure of this laminated rotor core is shown
on the left in Figure 2.2. Furthermore, the conduction bars are usually not placed
completely parallel to the direction of the shaft, as shown in Figure 2.2, but in a
slight angle. This technique is called skewing and it reduces cogging eﬀect that
might cause a blocked rotor situation [3]. Furthermore, this technique reduces the
magnetic hum and noise produced by the motor. The previously described rotor
structure is the most used in the ﬁeld. However, diﬀerent variations regarding to
the shape and size of the bars are used. Sometimes even a double-cage rotor is used
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to gain desired features.
The other main part is the stationary stator. Induction motor stator consists of
wound coils. These usually consist of round copper wires or moulded ﬂat copper
structures. The coils are placed in a laminated structure as the cage rotor to avoid
eddy current losses and to minimize magnetic leakage.
Together the moving rotor and the stationary stator form a magnetic circuit. By
applying sinusoidal voltage to the stator windings it is possible to create a rotating
magnetic ﬁeld in the air gap between the stator and the rotor. The rotational speed
of the magnetic ﬁeld is called synchronous speed and deﬁned in (2.1).
ns =
120fs
p
, (2.1)
where fs is the frequency of the voltage applied to the stator and p is the number
of poles in the motor. The deﬁnition of pole is discussed later on this chapter.
This rotating magnetic ﬁeld induces voltages to the bars in the cage rotor ac-
cording to the Faraday's law of induction. Since the bars are short circuited with
the shorting rings at both ends, current starts to ﬂow in them. Thus, creating a
magnetic ﬁeld in the rotor bars. However, the sinusoidal current in the rotor lags be-
hind the stator current causing a diﬀerence in the two magnetic ﬁelds. This induces
torque to the rotor bars creating rotational movement of the shaft.
The torque production in an induction motor is based on this diﬀerence between
the speeds of the stator magnetic ﬁeld and the rotor magnetic ﬁeld. Without the
diﬀerence, the rotor bars would experience a stationary magnetic ﬁeld and no voltage
would be induced to the rotor and therefore, no torque would be produced. Hence,
induction motors always rotates slower than the magnetic ﬁeld induced by the stator
windings. This diﬀerence is called slip and it is deﬁned in (2.2).
s =
ns − nr
ns
· 100% = ωs − ωr
ωs
· 100%, (2.2)
where ns is the synchronous speed in rpm, nr is the actual rotational speed of
the motor shaft in rpm, and ωs and ωr are rotational speed values in rad/s.
The number of poles deﬁnes the number of magnetic poles per one phase in the
motor. In a single phase induction motor with a single stator winding, the pole
count is two since the sinusoidal voltage applied to the winding generates a rotating
magnetic ﬁeld that has one negative and one positive pole. With a two pole structure
one sinusoidal voltage period causes the rotor to spin 360◦. When dividing the single
stator winding into two, the pole count doubles to four. This causes the rotor to
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revolve only 180◦ in one voltage period. Figure 2.3 represents a principles of the
diﬀerence between two and four pole single-phase IM.
A
A’
A
A
A’
A’
NS
S
S
N
N
Rotor
Stator
Shaft
Stator
Rotor
Shaft
a) b)
Figure 2.3: Illustration of a single phase two pole motor on the left and single phase four
pole motor on the right
The outer ring illustrates the stator and the inner circle the rotor. The circles in
the stator illustrate the stator windings where dot means that the current ﬂows out
of the page and x means that current ﬂow is into the page. The red lines represent
the magnetic ﬁeld created by the stator current. Red S points south pole of the
magnetic ﬁeld and the blue N the north pole. These ﬁgures express only a single
moment during the rotation of a motor and in reality the magnetic ﬁeld is constantly
rotating due to the sinusoidal current. Furthermore, all of the parts described and
drawn here are greatly simpliﬁed. This ﬁgure illustrates the working principle of a
single-phase motor, but the three-phase motor works similarly. The only diﬀerence
being the three diﬀerent stator windings, one for each phase.
2.1.2 Induction motor steady-state model
In order to thoroughly investigate the phenomena of an induction motor, it is impor-
tant to constitute equivalent circuit model. Induction motor can be considered as a
transformer by thinking that the stator is the primary and the rotor is the secondary
winding. If the rotor is locked induction motor functions similar to a transformer,
but it has an air gap in its magnetic circuit. Due to the air gap between the stator
and rotor majority of the magnetic ﬂux is consumed in the gap since permeability
of air is remarkably lower compared to the laminated iron core of stator and rotor.
However, when considering squirrel cage motor, there is no connectors for the sec-
ondary winding, as the squirrel cage is the secondary winding. Hence, the secondary
is actually short circuited. Furthermore, when the motor shaft starts to rotate, the
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electrical properties of the secondary will change due to changed circumstances. The
diﬀerence becomes more evident when you compare loads of a transformer and an
induction motor. The load of an induction motor is the mechanical counter torque
applied to the shaft. Whereas with a transformer it is usually a simple impedance
or resistance. The problem that arises is how to convert the mechanical load to cor-
respond to an electrical load. This might seem as a problematic question. However,
a relation between slip and rotor resistance has been recognized. When considering
all matters above, the per-phase equivalent circuit of a three-phase induction motor
can be constituted as shown in Figure 2.4.
Rs Lsσ
Rc Lm
Lrσ
Rr/s
Us Es
Is Ir
Im
Ur
Figure 2.4: Induction motor per-phase steady-state equivalent circuit.
In Figure 2.4, Rs is stator resistance and Lsσ is stator leakage inductance. These
terms illustrate the electrical properties of the stator windings. The parallel term
Rc is used to describe the core losses that occur in the laminated iron core. Whereas
Lm is magnetization inductance. Im is the magnetization current drawn from the
supply at no-load situation to magnetize the motor. Lrσ is rotor leakage inductance
and term Rr is rotor resistance. In practice all of these values for the induction
motor equivalent circuit are calculated using no-load and blocked rotor test mea-
surements [4]. Furthermore, the term Ur denotes the counter voltage created by the
induced rotor ﬂux.
The resistance value Rr/s changes according to the slip. Hence, the greater
the slip is the higher current is drawn into the rotor resulting in greater produced
power [2]. This can be considered with two extreme conditions s=1 and s=0. The
ﬁrst corresponds to condition where rotor is not rotating and term Rr/s is equal to
rotor resistance, which is low due to well conducting squirrel cage bars. This situ-
ation results in high current at the rotor side and also at the stator side where the
current is drawn from. Hence, high power is injected to the shaft. The other con-
dition where s=0 corresponds to a situation where shaft is rotating at synchronous
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speed. In reality this is not possible, since induction motor requires slip to magne-
tize the rotor. However, during no-load situation rotational speed is quite close to
synchronous speed and during this the slip can be considered as zero. This results
in a situation where term Rr/s goes to inﬁnity and current in the rotor reduces
close to zero. The only current drawn from the supply in this situation is due to
magnetization and core-losses. Thus, the power injected to the shaft is near zero
and only the power required to magnetization and to overcome friction is taken from
the source.
The term Rr/s is normally divided into two diﬀerent terms. The ﬁrst is Rr and
describes the rotor losses due to resistance of rotor bars. The second is (Rr(1 −
s))/s and it describes the actual mechanical power of the motor shaft. Using this
equivalent circuit it is possible to calculate mechanical power injected to the shaft.
First, either the rotor variables need to be reduced into stator or vice versa using
the transformation ratio between stator and rotor. After this the power transferred
through the air gap in a three-phase motor can be calculated using (2.3) [4].
Pr = 3I
′2
r
R′r
s
, (2.3)
where rotor variables are reduced to stator and described with prime. After this the
losses in the rotor can be calculated by means of (2.4).
Prl = 3I
′2
r R
′
r (2.4)
Using these two equations, the resulting electromechanical power can be calculated
using (2.5).
PM = Pr − Prl = 3I ′2r
1− s
s
R′r (2.5)
These equations can be used when motor is examined from the stator side. Further-
more, this model applies to induction motor only during the steady-state operation
and further development is required when dynamic behaviour is examined. The
derivation of this is done later in this thesis during the examination of vector con-
trol system. This concludes the review of induction motor theory and next section
is devoted for frequency converter.
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2.2 Three-phase AC-AC frequency converter
Frequency converter is required to control the speed of an AC motor. Main function
for an AC-AC frequency converter is to rectify grid voltage and after that form
the desired AC waveforms for the motor. There are wide variety of diﬀerently
implemented AC-AC frequency converters and multiple topologies exist. However,
in this section we consider one basic and most common topology that is also utilized
in this test bench.
This topology consists of two active three-phase two-level converters and a ca-
pacitor in the DC side. Both of them may operate as rectiﬁer or inverter depending
on the operation region of the motor. However, in the default situation the grid side
converter operates as a rectiﬁer supplying power to the DC-bus and the motor side
bridge works as an inverter supplying power for the rotating motor. The power ﬂow
is reversed during the dynamic braking situations and these converters change their
operation to opposite.
Figure 2.5 illustrates the fundamental circuit diagram of a considered AC-AC
converter. In addition to the three-phase IGBT bridges, L- or LCL-type ﬁlter has
to be inserted at the grid side to decrease the disturbances in the currents caused by
high frequency switching. Filter is not required at the motor side since the motor has
inductive and resistive properties as the previous section induction model described.
M
Grid
+Udc/2
-Udc/2
U
V
W
L1
L2
L3
S7 S9 S11
S8 S10 S12S2 S4 S6
S1 S3 S5
Lg
Lg
Lg
Lc
Lc
Lc
Cf Cf Cf
Cdc/2
Cdc/2
Un
Figure 2.5: Three-phase two-level AC-AC frequency converter with active grid side bridge
and LCL-ﬁlter.
Both the grid-side and motor-side converters can be controlled by diﬀerent pulse
width modulation (PWM) techniques. There are multiple diﬀerent PWM schemes
and two of the most common of these are described next.
The ﬁrst and most frequently used method is the carrier based PWM. In this
scheme, each of the sinusoidal three-phase reference voltage signals are compared to
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a triangular carrier signal that has considerably greater frequency than the reference
signal. This is the switching frequency of the semiconductors. Figure 2.6 illustrates
this operation principle. Figure 2.6 (a) shows the three-phase reference signals for
each phase Vca, Vcb and Vcc where the subscript c refers to control. They are displayed
in the same ﬁgure with carrier signal V∆. Figures 2.6 (b) and (c) then illustrate the
produced PWM output voltage for phases a and b respectively. Finally, Figure 2.6
(d) shows the resulting ab line-to-line voltage with fundamental component Vo1.
Figure 2.6: Three-phase carrier based PWM waveforms [5].
When the reference signal is greater than the carrier, the upper switch in that
phase leg is conducting and the lower is switched oﬀ. This way the positive voltage
of the DC bus is seen in the AC side. When the reference drops below the carrier
signal, opposite switching happens and the negative DC bus voltage is seen on the
AC side. The resulting line-to-line waveforms are PWM and they contain harmonic
components in addition to the desired fundamental waveform. The spectrum can
be calculated using Fourier transform.
Amplitude of the fundamental wave can be changed by varying the amplitude of
the reference wave. The relation between the amplitudes of the carrier and reference
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waves is called amplitude modulation ratio and usually denoted by ma. It can be
calculated using (2.6).
ma =
Uˆref
Uˆcar
, (2.6)
where Vˆref is amplitude of the sinusoidal reference and Vˆcar is amplitude of the
triangular carrier wave. When ma is between 0 and 1.0 the converter is said to be in
linear modulation region. This refers to the fact that amplitude of the fundamental
frequency wave varies linearly with respect to the amplitude modulation ratio. Am-
plitude of the fundamental frequency component of the output voltage during the
linear modulation region can be calculated using (2.7)
Uˆ1an = ma
Udc
2
, (2.7)
where Udc is the DC-bus voltage and Uˆ1an is the amplitude of the produced line
voltage fundamental frequency component. This produces line-to-line rms voltage
at the fundamental frequency given by (2.8).
ULL1 =
√
3√
2
U1an =
√
3
2
√
2
maUdc ≈ 0.612maUdc (2.8)
However, this equation applies only at the linear modulation region. The re-
gion when ma is greater than 1.0 is called over modulation region. The maximum
rms line-to-line voltage of the fundamental wave at this region is approximately
0.78Udc when the modulation ration is so high that converter switches to square
wave operation. However, in this region the harmonic content of the voltage in-
creases substantially. There are also ways to improve the voltage waveforms at the
linear region, but those are not discussed in this section.
Another widely used three-phase converter modulation technique is space vector
modulation. In this method, the symmetrical three-phase voltage references are ﬁrst
transformed into a single complex space-vector. This transformation is conducted
using the Clarke's transformation method introduced in (2.9) where uA, uB and uC
are the phase voltages and u is the generated reference space vector.
u =
uαuβ
u0
 = 2
3

1 −1
2
−1
2
0
√
3
2
−
√
3
2
1
2
1
2
1
2

uAuB
uC
 (2.9)
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This space vector has three diﬀerent parts called α, β and zero components.
However, it can be assumed that in this situation the phase voltage references must
be symmetrical, which leads to a form where the zero component is cancelled out
and only uα and uβ remain. This cancellation occurs only with symmetrical voltages
quantities. The resulting form is shown in 2.10.
u =
[
uα
uβ
]
=
2
3
[
1 −1
2
−1
2
0
√
3
2
−
√
3
2
]uAuB
uC
 (2.10)
This can be also changed to a form given in (2.11)
u =
2
3
(uA + auB + a
2uC) (2.11)
a = ej
2
3
pi = 16 120◦
a
2 = e−j
2
3
pi = 16 − 120◦,
where a is the unit vector at an angle of 120◦ and a2 the unit vector at an angle
of -120◦. After the three-phase voltage references have been transformed into single
vector, next task is to deﬁne all diﬀerent switching states that can be achieved with
a two level three-phase converter. These switching combinations apply only with a
two-level converter because other multi-level topologies have more states. There are
eight diﬀerent combinations altogether with this topology since only one switch on
each leg can conduct at one time. Otherwise the switches would short circuit the
DC-bus. These diﬀerent states produce eight voltage vectors at AC side terminals.
As can be seen from Figure 2.5, each leg can produce Udc/2 or -Udc/2 phase voltage
at the AC-side. With this knowledge it is possible to deﬁne a switching vector for
each of these eight states also by (2.12) [12].
U =
2
3
(S12 + S34e
j 2
3
pi + S56e
−j 2
3
pi) (2.12)
where S12, S34 and S56 deﬁne which switch in each leg is conducting. Thus, the
value of each of these is either 1 when upper switch is conducting or 0 when lower
is conducting. The subscripts refer to the legs of the grid side bridge in Figure 2.5.
Equation (2.12) is then used to calculate all the diﬀerent vectors given in Table 2.1,
where the conduction states of each of the three legs are presented as stated above.
Hence, six active vectors and two zero vectors are produced.
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Table 2.1: All switching states of two-level three-phase converter.
Vector S12 S12 S12 Produced vector
U0 0 0 0 0
U1 1 0 0
2
3
Udc
U2 1 1 0
2
3
Udce
j 1
3
pi
U3 0 1 0
2
3
Udce
j 2
3
pi
U4 0 1 1
2
3
Udce
jpi
U5 0 0 1
2
3
Udce
j 4
3
pi
U5 1 0 1
2
3
Udce
j 5
3
pi
U7 1 1 1 0
All of these vectors are then illustrated with an example reference vector in a
complex plane in Figure 2.7. It can be noticed that these vectors form six diﬀerent
sectors on the αβ-plain, which are used to deﬁne the required state vectors during
the modulation.
U (100)
1
U (110)
2
U (001)
5
U (011)
4
U (101)
6
U (010)
3
Uref
U
α
U
β
U (111)
7
U (000)
0
Figure 2.7: Two-level three-phase converter switching vectors.
Now all of these eight vectors can be used to produce the desired voltage according
to the reference. This is executed ﬁrst by deﬁning in which sector the reference
vector is located. The state vectors located at the sides of this sector are then used
in modulation. For instance U0, U1 and U2 would be used to form the reference
vector seen in Figure 2.7 since it is located in the ﬁrst sector. Finally the durations
for each switching vector are deﬁned using volt-second balance over one switching
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cycle [12]. Thus, the desired voltage at the output is achieved.
This section introduced a short introduction to one AC-AC frequency converter
topology and to two fundamental converter modulation techniques. There are multi-
ple variations of these and also completely diﬀerent modulation methods and topolo-
gies used in this ﬁeld. However, the purpose for this section was not to introduce
novel strategies or compare used ones, but to give an overview to the fundamentals
of AC-AC converters since they are the most vital element in AC-drives.
2.3 Induction motor vector control
Vector control of an electric motor was initially developed in Germany by Blaschke,
Hasse and Leonhard in 1970s for the purpose of improving induction motor con-
trol [7] [8]. Currently diﬀerent control methods based on this are used in many
applications including synchronous and asynchronous electric motors. Also in this
thesis a direct vector control method is used. Therefore, this section presents theory
required to implement induction motor vector control. First space vector theory is
reviewed, which is then followed by introduction to induction motor space vector
model and ﬁnally control system is presented with results acquired by simulation.
2.3.1 Space vector theory
In induction motor vector control, the three-phase quantities are transformed into
a single complex vector in order to ease the mathematical derivation. Hence, it is
important to ﬁrst discuss theory regarding space vectors. The instantaneous three-
phase quantities can be given as shown in (2.13)-(2.15). In this derivation, x has
been chosen as the variable, but it is replaced with voltage, current or ﬂux during
the model construction depending on analysed variable.
xA(t) = xˆ cos(ωsvt+ φ) =
xˆ
2
(ej(ωsvt+φ) + e−j(ωsvt+φ)) (2.13)
xB(t) = xˆ cos(ωsvt− 2pi
3
+ φ) =
xˆ
2
(a2ej(ωsvt+φ) + ae−j(ωsvt+φ)) (2.14)
xC(t) = xˆ cos(ωsvt− 4pi
3
+ φ) =
xˆ
2
(aej(ωsvt+φ) + a2e−j(ωsvt+φ)) (2.15)
These equations express each of the three-phase instantaneous values at time t.
Variable xˆ is the amplitude of sinusoidal phase quantity. Using these equations,
a space vector presentation can be derived as given in (2.16). In this, the phase
shift between diﬀerent phase quantities has been represented with unit vectors a =
−1/2 + j√3/2 = 16 120◦ and a2 = −1/2− j√3/2 = 1 6 − 120◦.
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2
3
(xA(t) + axB(t) + a
2xC(t)) = xˆe
j(ωsvt+φ) = ~xsv, (2.16)
Constant 2/3 is required to obtain amplitude invariant transformation. This trans-
formation results in a space vector rotating at angular speed ωsv on the complex
plain. All of this can be also represented in a matrix form introduced originally by
E. Clarke as given in (2.17).
~xsv =
xα(t)xβ(t)
x0(t)
 = 2
3

1 −1
2
−1
2
0
√
3
2
−
√
3
2
1
2
1
2
1
2

xA(t)xB(t)
xC(t)
 (2.17)
Equation 2.17 divides the space vector xsv into three diﬀerent components called
α-, β- and zero-component. However, induction motor quantities can be considered
symmetrical due to symmetrical windings in the stator and in the rotor. This
assumption results in x0 = 0. This is due to the fact that the sum of three-phase
sinusoidal symmetrical components is zero at every moment. This reduces (2.17) to
the one shown in (2.18).
~xsv =
[
xα(t)
xβ(t)
]
=
2
3
[
1 −1
2
−1
2
0
√
3
2
−
√
3
2
]xA(t)xB(t)
xC(t)
 , (2.18)
where the α term is real part and β term imaginary part of the space vector. As
noted above, this transformation generates the space vector that rotates at angular
frequency ωsv at the stationary complex plain. The reverse transform back to three
phase quantities is shown in (2.19).
xA(t)xB(t)
xC(t)
 =

1 0
−1
2
√
3
2
−1
2
−
√
3
2

[
xα(t)
xβ(t)
]
(2.19)
In some applications, it is required to transform the frame of reference out of the
stationary frame into another. This way it is possible to transform sinusoidally
alternating α- and β-components to scalar values. Transformation to an arbitrary
reference frame with angle θk can be performed with (2.20).
~xksv = xˆe
j(θ−θk) = ~xe−jθk , (2.20)
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where ~xksv is the vector ~x transformed to reference frame k. θ is the angle of the
vector ~x and θk is the angle of the rotating reference frame. This transformation can
also be presented in matrix form with the vector separated into two components x
and y by
~xksv =
[
xx(t)
xy(t)
]
=
[
cos(θk) sin(θk)
−sin(θk) cos(θk)
][
xα(t)
xβ(t)
]
, (2.21)
and the reverse transform back to stationary reference frame by
~xksv =
[
xα(t)
xβ(t)
]
=
[
cos(θk) −sin(θk)
sin(θk) cos(θk)
][
xx(t)
xy(t)
]
(2.22)
These equations are required to construct the space vector model of an induction
motor. The derivation is presented next in this section.
2.3.2 Induction motor space vector model
This section introduces induction motor space vector model that is used to sim-
ulate the phenomena and operation of induction motor test bench before actual
construction. This model is also used during the course for which this test bench
is designed. Hence, for veriﬁcation purposes the simulations are compared with the
results obtained from the actual test system measurements.
In the beginning, some fundamental simpliﬁcations are made to ease calculations.
First, ﬂux density in the air gap is assumed to be sinusoidally distributed and
harmonic components are neglected. Secondly, saturation of stator and rotor as well
as iron losses are neglected. Finally, reactances and resistances are assumed to be
constant, eventhough, especially, rotor resistance is quite temperature dependent. [8]
The complete derivation has been left out from this section, but it can be found in
multiple sources in the literature such as [8] and [9]. Nevertheless, induction motor
voltage equations in arbitrary frame of reference rotating at an angular velocity ωk
are represented in (2.23) and (2.24).
~uks = Rs~i
k
s +
d~ψks
dt
+ jωk ~ψ
k
s (2.23)
~ukr = Rs~i
k
r +
d~ψkr
dt
+ j(ωk − ωr)~ψkr , (2.24)
where superscript k denotes the frame of reference, subscript s refers to stator and r
to rotor quantities as well as R denotes resistances of stator and rotor. Furthermore,
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~ψ is ﬂux vector, ~i is current vector, ωk and ωr are rotational velocities of reference
frame k and rotor respectively. Equations (2.25) and (2.26) represent ﬂux equations
also in arbitrary reference frame k.
~ψks = Ls~i
k
s + Lm~i
k
r (2.25)
~ψkr = Lr~i
k
r + Lm~i
k
s , (2.26)
where Ls is the self-inductance of the stator, Lr the self-inductance of the rotor and
Lm the magnetizing inductance. These inductances can be calculated using (2.27)
and (2.28).
Ls = Lsσ + Lm (2.27)
Lr = Lrσ + Lm, (2.28)
where Lm is magnetization inductance, Lsσ stator leakage inductance and Lrσ rotor
leakage inductance, which were introduced previously in the induction motor the-
ory part. The instantaneous active power consumed by the induction motor can
be expressed in vector form with (2.29). However, this power expression assumes
symmetrical three-phase quantities.
p =
2
3
(~us~i
∗
s), (2.29)
where ~us is stator voltage vector and~i
∗
s is complex conjugate of stator current vector.
Using (2.23)-(2.28), an induction motor space-vector per phase equivalent circuit in
reference frame k can be drawn. This is shown in Figure 2.8.
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Figure 2.8: Induction motor space vector model.
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This model is primarily built to study dynamic behaviour of an induction motor
equipped with three-phase rotor winding. However, this also applies to a single
squirrel cage IM with certain inaccuracy [9]. Furthermore, the assumptions made
in the beginning of this section introduce some inaccuracies in the modelling. A
model based on the equations introduced in this section was constructed in Simulink.
Appendix A presents the derivation of the necessary equations and ﬁgures on the
constructed Simulink model more thoroughly. After this, the vector control system
was designed for the induction motor model which is discussed in the next section.
2.3.3 Vector control system
Previously DC motors have dominated variable frequency drive industry due to their
extremely simple control possibilities. The produced electromagnetic torque of a DC
motor can be expressed with a relatively simple equation by
tedc = cif ia = c1ψf ia, (2.30)
where the motion of the rotor can simply be changed by controlling torque-producing
armature current ia or ﬂux-producing current if . Parameters c and c1 are constants
which are deﬁned according to the motor. Furthermore, these components are scalar
type, thus control can be implemented with a simple system. However, one major
disadvantage with DC motors is their complicated structure with commutator and
multiple compensation windings.
Control of a squirrel-cage induction motor is far more complicated compared to
a DC motor. Diﬃculties in monitoring currents and ﬂux of the rotor would com-
plicate the control. Furthermore, ﬂux produced by the stator is revolving which
further complicates the control design [8]. However, the mechanical torque produc-
tion phenomenon of an induction motor does not greatly diﬀer from the one in DC
motor. It is possible to deﬁne the components of induction motor currents which are
responsible for ﬂux-production and torque-production. This requires modelling the
induction motor using space-vector theory. By extracting these two diﬀerent com-
ponents, it is possible to control separately the torque-producing component and
ﬂux-producing component. Hence, the control becomes faster and more precise.
The induction motor instantaneous electromotive torque relation in phase-vector
form is shown in (2.31).
te =
2
3
p~ψs ×~is (2.31)
where ~ψs is the stator ﬂux vector, ~is the stator current vector and p is the number
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of pair of poles. The torque equation is not dependent on the frame of reference but
it is the same in everyone. This torque equation can also be presented in component
form in diﬀerent reference frames shown in (2.32) and (2.33).
te =
2
3
p(ψαiβ − ψβiα) (2.32)
te =
2
3
p(ψxiy − ψyix) (2.33)
where α and β denote the stationary reference frame, and x and y the rotor ﬂux
reference frame.
Previously induction motors were mostly controlled by U/f-control in which the
frequency and voltage amplitude are increased or decreased keeping the relation
between these two constant [8]. However, this control method is inaccurate and
slow [8]. The developing of vector control started in 1970s but, since it requires
more computational capacity, it actually could be used only after the development
of microcontrollers and integrated circuits. Currently, the calculation process of
a vector control system raises no problems with present-day processing powers of
microcontrollers and DSPs.
There are multiple diﬀerent vector control system implementations for induction
motor drive purposes. The main diﬀerence between these implementations is the
method how magnetic ﬂux amplitude and angle is deﬁned. In direct vector control,
these quantities are calculated with ﬂux model using measured values such as cur-
rent, voltage and/or rotor angle. Whereas in indirect vector control ﬂux and ﬂux
angle are calculated using measured rotor angle and current reference value. This
section discusses only the principles of direct voltage based vector control system
that uses measured rotor angle and currents to calculate the ﬂux and ﬂux angle.
Block diagram of this system is presented in Figure 2.9. In this implementation,
motor currents and rotor angle are measured. The measured currents are then
transformed into a single current vector using the Clarke transformation method in-
troduced in space-vector theory. This vector has two components: real part iα and
imaginary part iβ. These currents and the rotor angle are then used to calculate
ﬂux amplitude and rotor ﬂux angle using ﬂux model. This calculated ﬂux is then
used as a feedback for ﬂux controller. Reference for the ﬂux is calculated according
to the speed of rotor angle. In practice, the ﬂux amplitude reference is held at a
constant value when motor is operated below nominal speed and motor is driven
with constant torque. However, when nominal speed is exceeded the motor is shifted
to ﬁeld weakening region and ﬂux reference starts to drop linearly with respect to
the speed.
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Figure 2.9: Voltage control based direct vector control system block diagram.
In this region, motor is operating with constant power since torque is decreasing
with respect to increasing rotational speed. Error between reference and calculated
ﬂux is then fed to ﬂux controller which produces reference value for stator current
real part in rotor ﬂux reference frame. Speed error is fed to speed controller which
produces the stator current imaginary part reference value in rotor ﬂux reference
frame. Hence, stator current ix part is used to control the electromotive torque
and this way the rotational speed of the rotor, and iy part is used to control the
stator ﬂux amplitude. The measured currents require transformation to rotor ﬂux
reference frame which transforms the sinusoidal α and β currents to scalar values,
since rotor ﬂux reference frame is rotating at the same speed as the stator current
vector. Finally, the error of both stator current components are fed to current
controller which produces the reference voltages. These are then transformed back
to three-phase voltages and duty cycles for controlling the converter switches.
The operation of this vector control system was simulated using the induction mo-
tor space-vector model introduced in earlier sections. A more thorough derivation
of equations regarding the motor model are derived in Appendix A. Also ﬁgures and
descriptions of the Simulink model are presented in there. The next and ﬁnal sec-
tion of this chapter is presenting the simulation results achieved by the constructed
model. These were then used as the basis for constructing the real test system.
2.4 Simulation results
This section is devoted to presenting the simulation results obtained with a model
which is explained more in detail in Appendix A. Diﬀerent situations were used to
simulate the responses of the system. The response to changing speed reference
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and load torque in motor region were tested. Furthermore, tests for operation in
ﬁeld weakening as well as in generator region were conducted. With these types
of tests, it was possible to tune the controller parameters to appropriate values in
order to achieve the desired responses. The tuning is safer and easier to conduct
with simulation, since possible over currents or over speeds with the real system can
be avoided. Furthermore, the simulations provide useful information regarding the
current and voltage levels and this way eases the design of measurement circuitry.
Lastly, the actual test bench control system is constructed using Simulink. Hence,
after simulating the behaviour of the drive with a induction motor model, it is easy
to replace the model with the real hardware by including real-time measurements
from the motor. The device used for this purpose is presented in chapter 3 regarding
the building process and the test bench components.
2.4.1 Acceleration and deceleration test
In the ﬁrst simulation, an acceleration ramp of 1000 rpm/s from speed 0 rpm to
2000 rpm was given as a reference speed and after two seconds of constant speed a
deceleration ramp from 2000 rpm to 0 rpm in two seconds was given as reference.
During this simulation the motor was not loaded. The speed response of the system
is in Figure 2.10 where the red curve is the reference given for the control system
and blue is the response of the motor drive. As can be seen from this ﬁgure, the
control system is able to quite accurately follow the reference speed. Figure 2.11
gives a extended view on the acceleration and deceleration ramps. A small overshoot
of approximately 5 rpm is apparent when speed achieves the reference steady-state
speed and also some delay at the speed response is visible during the transition
between constant speed to deceleration. These simulations give only the response
for the speed controller part. Hence, also ﬂux and current controller responses need
to be studied.
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Figure 2.10: Simulated acceleration and deceleration response without motor load.
2. Induction motor drive theory 22
1.9 1.95 2 2.05 2.1 2.15
1940
1960
1980
2000
2020
2040
Time [s]
R
ot
at
io
na
l s
pe
ed
 [r
pm
]
 
 
 
Speed reference
Speed response
(a)
3.96 3.97 3.98 3.99 4 4.01 4.02 4.03 4.04 4.05 4.06
1940
1950
1960
1970
1980
1990
2000
2010
2020
Time [s]
R
ot
at
io
na
l s
pe
ed
 [r
pm
]
 
 
 
Speed reference
Speed response
(b)
Figure 2.11: Extended view of the speed response (a) acceleration ramp and (b) decelera-
tion ramp.
Figure 2.12 shows the electromotive torque produced by the motor and the load
torque applied to the motor shaft. As can be seen from the ﬁgure, the torque dur-
ing the acceleration is approximately 0.3 Nm and when 2000 rpm constant speed is
achieved, the torque stays zero. When the deceleration begins, torque switches to
negative compared to the acceleration situation. Red curve shows the load torque
which in this simulation was kept at constant zero. There is some oscillation oc-
curring at the electromotive torque and at higher speeds, the oscillation is higher.
However, this torque curve is consistent with the speed response seen in the previous
ﬁgures, since it is positive during the acceleration, zero during the constant speed
and negative during the deceleration. This torque curve is achieved by changing
the stator current isy component value. Figure 2.13 shows this current and if it is
compared to the torque curve, it is obvious that the produced electromotive torque
has a relation with this current.
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Figure 2.12: Simulated torque during acceleration and deceleration without motor load.
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Figure 2.13: Simulated stator current isy in rotor ﬂux reference frame during acceleration
test.
Figures 2.14 and 2.15 show the magnetic ﬂux absolute value and the stator
current component that is responsible for creating the magnetization. As can be
seen from the ﬂux ﬁgure, the magnetization is kept constant while motor operates
below nominal speed. In the beginning of the simulation, the ﬂux is increased
with a slope to avoid excessively high currents during the start. If the ﬂux would
be changed, with an inﬁnite slope step the ﬂux controller would increase the isx
reference greatly and then the fast current controller would create high peaking
current. This was discovered to be problematic during the real drive start and the
slope had to be added to act as a soft start for the drive. After the ﬂux has been
created, the changes in it are quite slow, and since the motor almost always operates
below nominal speed, the ﬂux controller is only required to keep the ﬂux constant
during the disturbances induced by load changes.
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Figure 2.14: Magnetic ﬂux absolute value of the induction motor during acceleration sim-
ulation.
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Figure 2.15: Stator current real part in rotor ﬂux reference frame during acceleration
simulation.
Figure 2.16 shows the three-phase stator currents during this simulation. It should
be noted that the current amplitude in each phase remains constant during the
whole simulation apart from the transients in the beginning. In this test, the motor
is running without any load, which means that the motor requires current only
to magnetization and to overcome the losses induced by resistances of the stator
and the rotor windings. Although torque is needed during the acceleration, it is
small compared to magnetization as can be seen from Figures 2.13 and 2.15. Hence,
the three-phase currents seen in the ﬁgure are mainly for magnetization and the
acceleration of the motor can be noticed as the increasing frequency of the currents.
This simulation gave information about the no-load behaviour of this system. It
was used to verify the operation of the vector control system without disturbances.
A ramp type speed reference was given instead of a step change, since the motors
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Figure 2.16: Stator three-phase currents during acceleration test simulation.
are generally accelerated with this type of speed references, because step change in
speed would stress the mechanical parts such as shafts and other parts of the process
system. Furthermore, the currents in the motor would increase drastically during
the start up. After this simulation, the response of the drive had to be veriﬁed under
loaded conditions and this is presented in the next section.
2.4.2 Load torque step change test
In this section, the motor was driven with constant speed of 2000 rpm and ﬁrst a
step change from 0 Nm to 3 Nm was conducted in the load torque. After the system
had stabilized, a step from 3 Nm to -3 Nm was made to the load torque. Hence,
with the second step the motor changed its state from motor to generator. 3 Nm
was selected since it is approximately half of the nominal torque 7.54 Nm of the used
motor. Phenomena caused by these load changes were then studied. Figure 2.17
shows the load torque applied to the motor shaft with red and the electromotive
torque produced by the motor in blue. Furthermore, Figure 2.18 shows the speed
reference and response during these two diﬀerent load torque steps. The speed ﬁgure
has been focused to enable a better view on the eﬀects of load torque on the motor
speed.
The step at 2 second from 0 to 3 Nm in load torque causes the speed to decrease
approximately 23 rpm before the speed controller starts to increase the electromo-
tive torque to achieve the speed reference. After 0.2 seconds the speed is again
achieved and there is no error between the reference and the actual value. This
predicts that the motor control is able to accurately follow the speed reference even
with loaded situations. During the second step at 3 seconds marker the load torque
changes direction and steps to -3 Nm. This results that the shaft speed increases
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Figure 2.17: Load torque and electromotive torque during simulation.
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Figure 2.18: Simulated speed response during two step changes in load torque.
to approximately 2043 rpm before the speed controller again achieves the reference
value. After this step change the motor is operating as a generator and the power is
transferred to frequency converter DC-bus and from there to the grid. Figures 2.19
and 2.20 present the stator currents isy and isx in rotor ﬂux reference frame respec-
tively. When current isy is compared with load, the electromotive torque similarities
can be noticed. Hence, it can be stated also in here that torque is controlled with
this current component as mentioned in the vector control theory part. It can also be
seen, that when motor is operating as a generator, this current component switches
its sign compared to motor operation. Even though change in motor torque does
not directly aﬀect stator current isx, small disturbances can be seen in the simulated
current waveform because of cross coupling. However, this is only during the load
steps, and everywhere else the current is constant due to operating below nominal
speed.
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Figure 2.19: Simulated stator current real and imaginary components in rotor ﬂux reference
frame.
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Figure 2.20: Speed response during two step changes in load torque.
The ﬁnal Figure 2.21 in this section illustrates the simulated three-phase stator
currents during the change from loaded motor operation to generator mode. This
can be seen from the currents by investigating them at 3 s in the time axis. It can
be noted that each of the three-phase currents change their phase by 180◦ which
explains the changed power ﬂow direction.
After this simulation two fundamental phenomena regarding induction motor
drives have been studied and simulated. These included the responses for speed
reference change and load torque change. The ﬁnal part is to study the induction
motor drive phenomena when the motor speed exceeds the nominal and operation
switches to ﬁeld weakening region. Simulations for this are presented in the next
section.
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Figure 2.21: Three-phase currents during load torque step from 3 Nm to -3 Nm.
2.4.3 Operation in the ﬁeld weakening region
In the ﬁnal simulation, the operation of the motor drive running above nominal
speed in the ﬁeld weakening region of the motor was studied. A acceleration ramp
from 0 rpm to 3100 rpm was given as a speed reference for the motor. Slope of this
ramp was kept in constant 3000 rpm/s. When the motor had stabilized at 3100 rpm,
a torque step of 3 Nm was applied to the motor. Figure 2.22 shows speed reference
and response. This indicates that the motor control is working also above nominal
speed, since the response is still satisfactory.
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Figure 2.22: Reference speed and response during ﬁeld weakening operation test.
Next, the electromotive torque together with the applied load torque are shown
in Figure 2.23, where the load change is visible from 2 s onwards.
2. Induction motor drive theory 29
0 0.5 1 1.5 2 2.5 3 3.5 4
−6
−4
−2
0
2
4
6
Time [s]
To
rq
ue
 [N
m]
 
 
 
Load torque
Electromotive torque
Figure 2.23: Electromotive and load torque during ﬁeld weakening test simulation.
However, the more important quantities to be studied in this section are the
ﬂux and stator current isx that is responsible in creating it. Hence, Figures 2.24
and 2.25 show the simulated curves for these quantities respectively. As can be seen
from these ﬁgures, the control system starts to decrease the ﬂux after rotor speed
increases above nominal speed of 2875 rpm slightly before 1 s marker. This decrease
in ﬂux amplitude is conducted by decreasing the current isx. This can be seen from
Figure 2.25 where the current decreases from 2.0 A to approximately 1.85 A when
the motor speed is at 3100 rpm.
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Figure 2.24: Simulated ﬂux during ﬁeld weakening test.
Some disturbances can be seen in the current waveform after applying the load
which indicates that the controllers are not tuned to optimum. However, it does
not aﬀect the speed during the simulation and it is suﬃcient enough for testing the
application after construction.
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Figure 2.25: Simulated stator current real part in rotor ﬂux reference frame during ﬁeld
weakening test.
Finally, Figure 2.26 shows the simulated three-phase current waveforms. Transi-
tion to ﬁeld weakening operation can be seen from this ﬁgure as the amplitude of
the currents decrease from slightly before 1 second marker onwards. At the 2 second
marker, the load step is applied which increases the current.
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Figure 2.26: Simulated stator three-phase currents during ﬁeld weakening test.
This concludes the simulation of the vector controlled induction motor drive
model. These results were used as the basis for test bench construction presented in
the next chapter. Furthermore, the control system designed in Simulink was used
directly with the dSPACE system by replacing the induction motor drive model
with real measurements from motor. However, more detailed description of this is
introduced later on this thesis.
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3. DESIGN AND CONSTRUCTION OF THE
TEST SYSTEM
Primary purpose for this test system was to serve as laboratory equipment for
students participating in the course DEE-34016 Modeling and Control of Electric
Drives. During this course, they will build a mathematical model for an induction
motor drive, design control and simulate operation of their model and control in
Matlab Simulink environment. Until now, the design has included only veriﬁcation
by simulation. However, the objective of this system is to allow students to discover
the real world responses of their design.
Some fundamental design objectives were made at the beginning of construction.
The main objective was to build a test bench that would require little space in the
laboratory and could be relocated with relatively small eﬀort. The most limiting
factor revealed to be the power of induction motors. Since, the size and weight of
the motors grew very rapidly along the power.
The second fundamental criterion was to build a system that could also be used in
other courses concerning motor, generator or grid converter applications. This lead
to the demand of active grid side converters. Thus, allowing the power to ﬂow both
ways from the grid to the motor or vice versa. This chapter presents the physical
structure and components of this system in detail. The ﬁrst ﬁve sections present the
diﬀerent components of the test bench and the last section is devoted on describing
the whole system.
3.1 Structure of the test system
The principles of desired system are described in Figure 3.1. The overall systems
consists of two AC-AC frequency converters with active grid side bridges enabling
two-way power ﬂow. LCL-ﬁlters are included at grid side of both converters for
current ﬁltering.
The converters are both driving an induction motor. The other motor is working
as a load and driven with torque control. Control of this motor is implemented
by the system inside the purchased converter and only the torque reference is fed
into it from dSPACE. In contrary, the other motor is operating as work motor, and
control of this motor is implemented by using measurements of shaft speed/angle
and motor currents which are fed to dSPACE. Hence, the control system inside
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Figure 3.1: Graphical description of desired system.
the converter is bypassed, and instead the control system, created in Simulink, is
used to drive the motor. The control of grid-side bridges of the converters are
implemented similarly as the motor converter bridges. The other operates with the
own software downloaded from manufacturer and the other utilizes control system
created in Simulink.
As mentioned previously the work motor frequency converter is completely con-
trolled with the control system created in Simulink. Hence, measurement of shaft
speed, motor currents, grid currents, grid voltages and DC-bus voltage are required
to implement the control. This produces a demand for measurement circuitry.
3.2 Motors and converters
The basic structure of the test bench consists of two frequency converters both
with an active grid side three phase IGBT-bridge. Both of the converters drive an
induction motor and the two motors are installed directly opposite each other and
the shafts are coupled together. With this kind of set up, it is possible to drive the
other motor as a load motor and the other motor as a working motor. When the
electric motor operates as load it is possible to drive it with various load proﬁles
such as constant or quadratically increasing torque load which enables the analysis
of diﬀerent motor drive phenomena existing in real industrial applications.
Two 2.2 kW aluminum frame three-phase induction motors were selected as the
main components of this test bench. The selection was made based on the weight and
size of the motors. Aluminium frame decreased the weight signiﬁcantly compared to
the iron frame, and the rather low 2.2 kW power resulted in a quite compact motor
size. Furthermore, the higher nominal speed the motor had the lighter it was when
motors with same power were compared. Figure 3.2 shows the purchased induction
motor from diﬀerent perspectives.
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(a) (b)
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Figure 3.2: ABB 2.2 kW induction motor (a) front (b) top (c) and side view.
Motors are manufactured by ABB and the product code is 3GAA 091 213-ASE.
Table 3.1 presents the motor values from the nameplate. Since the nominal speed
is 2875 r/min, the motor is two pole type. This can be veriﬁed using (2.1) and
(2.2) presented in previous chapter. ABB supplied also the per-phase equivalent
circuit values which are presented in Table 3.2. These values were used during the
simulation and control system design presented in the precious chapter as well as in
more detail in Appendix A.
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Table 3.1: ABB 2.2 kW three-phase induction motor nameplate values
Pn 2.2 kW
nn 2875 r/min
fn 50 Hz
Un 400 V
In 4.4 A (Wye)
Cosφ 0.85
Table 3.2: ABB 2.2 kW three-phase induction motor per-phase equivalent circuit values
Stator resistance Rs 2.7 Ω
Stator leakage reactance Xsσ 3.1 Ω
Rotor resistance Rr 2.4 Ω
Rotor leakage reactance Xrσ 3.7 Ω
Iron loss resistance Rc 1449 Ω
Magnetizing reactance Xm 124 Ω
One Vacon NXP00135A2T1SSSA1A2000000 and three Vacon NXP00125A2H1SS
SA1A2000000 frequency converters were selected as the drive elements in this test
system. The decision was mainly based on the possibility of bypassing the control of
converters relatively easily. In addition, Vacon was chosen as manufacturer due to
previous similar projects successfully performed using dSPACE environment with
Vacon drives. Hence, the literature regarding these projects could be found in
the department. Furthermore, nominal power of these converters was selected as
approximately double with respect to the motor power. This enables installation of
slightly higher power motors in the future. Third reason for using Vacon converters
was good contacts with the manufacturer which enabled support in problem solving.
Each of the Vacon frequency converters roughly consists of four fundamental
parts; a three-phase diode rectiﬁer in the grid side, a three-phase IGBT inverter in
the motor side, capacitors in the DC bus and microprocessor based control system
with measurement circuitry. In this application, DC-buses of a pair of converters
were connected together. Thus, they formed a frequency converter with two active
three-phase bridges. At this point the diode rectiﬁers were neglected since they do
not enable power transfer into the AC grid. However, the diode bridges were used
to charge the DC-bus capacitors.
Furthermore, the active converters demand ﬁltering at grid side to ﬁlter down
high frequency components in the grid current created by the switching of the grid
side bridge. In this application, LCL-type ﬁlters were selected. They were a part
of the hole order placed to Vacon. Hence, the sizes of the components were already
designed by Vacon. The LCL-ﬁlters were manufactured by Platthaus GmbH and
values of the components are presented in Table 3.3.
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Table 3.3: LCL ﬁlter component values
Grid side inductors 3x 8.1 mH ± 10%
Capacitors (delta connected) 3x 2.2 µF ± 10%
Converter side inductors 3x 4.1 mH ± 10%
LCL-ﬁlter is a circuit that has a resonant frequency. At this frequency the
impedance of the circuit approaches zero which may result in serious problems with
control and harmonic currents. Thus, leading to the demand of damping, to avoid
any undesired oscillation [11]. The ﬁlter in the load motor converter side does not
require any passive damping since it is implemented actively in the software pro-
vided by Vacon. However, the work motor grid side converter LCL-ﬁlter damping
is implemented passively with resistors in series with the capacitors. The sizing
of these is implemented based on reference [11]. According to this, the resistance
should be approximately 1/3 of the capacitor impedance at the LCL-ﬁlter resonance
frequency [11].
The LCL-ﬁlter capacitors were connected in delta. Thus, ﬁrst a wye-connected
equivalent circuit needs to be calculated for the delta connected capacitors as pre-
sented in Figure 3.3.
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Figure 3.3: Delta-wye transformation for capacitors.
The transformation equations starting with impedances and ending with capac-
itances are presented in (3.1)-(3.3). The capacitor value in wye-connection corre-
sponds to three times of the value in delta-connected circuit. However, this is only
when all capacitor values are equal which is the case in this particular application
and these equations could be used.
ZA =
ZABZAC
ZAB + ZAC + ZBC
, (3.1)
since
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CAC = CAB = CBC = C4
also
ZAC = ZAB = ZBC = Z4
and this yields
ZA = ZY =
Z24
3Z4
=
1
3
Z4 (3.2)
and ﬁnally
ZY =
1
jωCY
=
1
3
Z4 =
1
3jωC4
⇒ CY = 3C4 (3.3)
Equivalent capacitor value for delta connection calculated with (3.3) is 3·2.2µF =
6.6µF . After this, the next task was to calculate the LCL-ﬁlter resonance frequency.
This can be deﬁned with (3.4) and calculated with values presented in Table 3.3.
ωres = 2pifres = 2pi
√
Lc + Lg
LcLg3Cf
= 2pi
√
4.1mH + 8.1mH
4.1mH · 8.1mH · 6.6µF = 7461rad/s (3.4)
In the equation, Lc is the converter side inductor inductance, Lg grid side inductor
inductance, and Cf ﬁlter capacitor capacitance connected in wye. The answer 7461
rad/s equals to 1187 Hz. Next the capacitor impedance at the resonance frequency
is calculated with (3.5). Where wres is the resonant frequency calculated above and
Cf is the wye-connected capacitor value.
Zcres =
1
wresCf
=
1
7461rad/s · 6.6µF = 20.31Ω, (3.5)
Finally, the damping resistance connected in series with each capacitor is one third
of Zcres. However, the resistance must be transformed back to delta-connected, and
the relation between these is R4 = 3RY . Hence, this is inverse with respect to the
capacitor value delta-wye transformation. Result is that each damping resistor has
a physical value of 20 Ω. The ﬁnal LCL-ﬁlter circuit, connected to the grid side of
the load motor converter is presented in Figure 3.4.
The components presented in this section create the foundation for the system
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Figure 3.4: LCL-ﬁlter circuit with passive damping resistors.
constructed in this thesis. The following sections present the other additional com-
ponents also vital for this design starting from the dSPACE system in the next
section.
3.3 dSPACE DS1103 and CP1103
Control system design is one of the most time consuming and expensive areas in
power electronics as well as in other engineering branches. The quick development
in micro controller technology and the arrival of high-power digital signal processors
(DSP) has enabled the use of high-level programming languages and software based
control system development [14]. These factors have also inﬂuenced companies such
as dSPACE to develop software and hardware to ease and speed up the control
system design. Usually the design process begins by developing a simulation model
of the controlled system or process. This is then used to design the control for the
application. However, every mathematical model usually makes some assumptions
regarding the modelled process and it diﬀers from the actual system, and all of the
responses can not be modelled using computers. This has led to the demand of
quickly connecting the hardware to the designed control system for testing. Previ-
ously the testing had to be done by writing the code by hand for the microprocessor
and then testing the functionality in real application [14]. However, this usually is
very time consuming and probability for errors during this process is quite high.
However, currently systems that enable automatic code building from simulation
environment directly to DSP or other processor based real time simulation environ-
ment with interface to the real device have become more and more common among
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control system developers in many engineering ﬁelds [14].
These type of systems are also beneﬁcial for creating practical exercises for uni-
versity level students in areas regarding control system development. At Tampere
University of Technology, the Department of Electrical Engineering, Matlab is con-
stantly used in simulations in various courses. Hence, a system providing Real-Time
Interface (RTI) integrated with Matlab and Simulink environment was selected as
the basis for this test bench. dSPACE is one of the manufacturers which provides
these kind of systems. In this application, the DS1103 supplied with connector panel
CP1103 was selected.
The DS1103 PPC Controller Board is a PowerPC based real-time control sys-
tem supplied with a slave-DSP subsystem based on Texas Instruments TMS320F240
DSP microcontroller [15]. The CP1103 connector panel provides the interface to the
hardware. It includes 20 analogue-to-digital converter (ADC) channels with BNC
(Bayonet Neill-Concelman) connectors, 8 digital-to-analogue converter (DAC) chan-
nels with BNC connectors, a 37-pin Sub-D connector with 16 slave ADC channels,
a 50-pin Sub-D connector with 35 digital I/O channels, a 37-pin Sub-D connector
for slave digital I/O channels and signals such as PWM and clock, seven connectors
for incremental encoder inputs and ﬁve RS connectors. More detailed description
regarding the connections and signal mapping can be found in [15]. The CP1103
connector panel was connected to the DS1103 using three ﬂat cables.
In addition to the DS1103 and the CP1103 a computer with Windows operating
system, Matlab and Simulink installations were required. A desktop computer was
selected as the host PC and it was connected to DS1103 using optical ﬁbre supplied
with an interface board that was connected to the computer motherboard. In ad-
dition to the hardware, the required dSPACE software had to be installed to the
computer. This installation included software such as Real-Time Interface (RTI) for
code generation, special RTI blocksets for Simulink and ControlDesk for real time
monitoring and controlling purposes.
After all the required installations of hardware and software had been conducted,
the next step is to construct the desired control system Simulink model. The process
of building and testing the control system using dSPACE is quite straightforward
if Simulink environment is previously familiar. The construction starts by creating
the model of your control system using Simulink. During the dSPACE software
installation packages that include interface blocks to the diﬀerenc outputs and inputs
to CP1103 connector panel have been installed to Simulink block library. By using
these blocks it is possible to use the connected measurement signalas a feedback
for the control system. And similarly when control system calculates the reference
value for the process it can be transformed to a digital or analogue signal and
connect the selected channel to the real life process actuator. After the desired
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model has been constructed, the next step is to build the model using C/C++
compiler found in Simulink. This then automatically compiles the model into C
and uploads it into the DS1103 where the model starts to run. Next task is to open
ControlDesk, create a new experiment, connect it to DS1103 platform and download
the variable descriptions found in the same folder as the constructed Simulink model.
Now ControlDesk provides the opportunity to change variables such as controller
parameters in your model while it is running online without requiring to compile
the model again. Furthermore, it is possible to plot and record the measured input
values.
The control system model constructed for the test bench here is presented in more
detail in the section where the complete system is presented and the model can also
be seen in Appendix B. Now that the fundamental components are presented the
next section introduces the measurement circuitry ans other additional components.
3.4 Measurement circuitry
First task was to create a list of necessary measurement components. Grid converter
control requires measurements from grid currents, grid voltages and DC-bus voltage.
Induction motor direct vector control requires motor current measurement, rotor
speed and angle measurement. Furthermore, a torque sensor was decided to be
installed since it is important to see the applied load torque and this also illustrates
quite well the behaviour of the drive for students.
3.4.1 External power supply
The ADC inputs in dSPACE DS1103 support input voltages in the range of ±10V .
With this knowledge an external DC power supply of ±12V was designed for the
measurement circuitry. This voltage range is suﬃcient enough to achieve voltages
between ±10V after voltage drops in the measurement circuits. However, it is also
low enough not to cause voltages over the critical limits of dSPACE inputs. Figure
3.5 shows the schematic of the power supply. This supply is based on linear regulator
technology and was selected because it provides extremely good quality DC voltage
with wide range of output current. Hence, linear regulator based supply is good for
measurement circuitry.
The circuit consists of a 1x230VAC to 2x15VAC step down transformer. High
frequency components are ﬁltered with capacitors before the full bridge diode rec-
tiﬁer. After rectiﬁcation two higher value electrolytic capacitors act as ﬁlters and
buﬀers before the linear regulators. In the regulator input and output, there are
capacitors that are inserted based on the regulators' datasheets. Fuses are placed
before the rectiﬁer and sized according to maximum rated current of the regulators.
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Figure 3.5: ±12V DC linear regulator based power supply schematic.
Furthermore LEDs with resistors are placed parallel to the electrolytic capacitors
to indicate on-state of the supply and to discharge the capacitors after switching
oﬀ the power supply. Two equivalent DC supplies were manufactured since some
measurement circuits required two voltage supplies for isolation purposes. Layout
and picture of the soldered and ﬁnished power supply circuit boards installed into
a plastic case can be seen in Appendix C.
3.4.2 Current measurement
Motor- and grid converters both required current measurement for control purposes.
The measured currents are three phase and sinusoidal, and at least two out of the
three currents had to be measured since third could be calculated from the two
others. Three diﬀerent options were considered when the measurement circuit was
selected. First option was to purchase a ready built current probe from the market.
However, this option was discarder on the early stage because either the price of
one probe exceeded hundreds of Euros or it was not suitable due to other reasons
such as wrong input current measurement range or unsuitable power supply range.
Furthermore, it is not reasonable to use expensive current probes with over 1 MHz
bandwidth for control purposes in a permanent installation that requires only under
10 kHz bandwidth. The probes with their power supplies were also rather large for
this particular installation.
The second option was to ﬁnd a suitable current measurement circuit board for
this purpose from the market. However, this appeared to be a diﬃcult task and I
could not ﬁnd any relevant circuit board. Therefore, the third option of building
the measurement circuit yourself was only relevant solution.
This began by deciding a suitable current transducer. Fortunately the department
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had spare LEM LA 55-P transducers in the storage. These transducers deploy hall
eﬀect and were rated to measure currents in range of ±100A which it is suﬃcient
enough for this test bench. Furthermore, supply voltage for the transducer could
be in the range of ±12V... ± 15V . This enabled use of the built DC supply. Since
there were more than six of these parts I decided to built two measurement circuits
with three transducers, one for each phase current. Schematic of one measurement
channel is presented in Figure 3.6.
RM
CF CS
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-US
Gnd
IP ISKn = 1:2000
Current Transducer LA 55-P SP1
+UOUT
-UOUT
Figure 3.6: Schematic of one signal channel of current measurement circuit.
The LA 55-P transducer has a current output and the ratio between this and
measured current is 1:2000. This means that 1A in primary corresponds to 0.5mA
in secondary. This current output needs to be transformed to voltage and ampliﬁed
for dSPACE ADC input. The transformation was performed with resistor RM and
the output voltage over this was transmitted into an ampliﬁer and buﬀer circuit
represented later in this section. Selection for resistor RM value was based on the
current ranges of the converters. From Vacon NXP manual, we got the maximum
rms current of IS = 18A, which corresponds to amplitude of
√
2 · 18A = 25.46A.
Range of ±24A was selected for the grid converter measurement circuit. As it
will be explained later the measurements will be ampliﬁed with gain of 6.06 in the
buﬀer circuit. To achieve measurement range of ±10V in ADC input, the input of
buﬀer circuit had to be in the range of around ±1.65V . This was achieved using
resistor value RM = 133.2Ω. The motor converter current was chosen as ±20A.
Although, an induction motor may draw 7-9 times the nominal current at start
during the direct grid connection, the starting current can be controlled in frequency
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converter drives. Hence, the selected range of above three times motor nominal
current amplitude
√
2 · In =
√
2 · 4.4A = 6.22A was suﬃcient enough. With this
range the selected resistor value was RM = 162.1Ω. Furthermore, ﬁlter capacitors
were inserted between each current transducer power supply pins. Pictures of the
ﬁnal PCB board together with the layout ﬁgures are presented in Appendix D.
Two of these boards were made and they were installed into a metal box to reduce
electromagnetic interference.
3.4.3 Buﬀer and ﬁlter circuit
Current measurement board designed above required an ampliﬁer circuit in order to
achieve the desired voltage range. At this moment the output range of the transduc-
ers was -1.65 V...+1.65 V. This had to be ampliﬁed with 6.06 to reach the range from
-10 V...+10 V. This problem was solved using Texas Instruments INA126 instrumen-
tation ampliﬁer. In addition to amplifying the signal an instrumentation ampliﬁer
also reduces common-mode noise quite eﬀectively making it a beneﬁcial solution for
this application. Furthermore, INA126 gain could be modiﬁed by changing only one
resistor value. Figure 3.7 illustrates one channel of the combined ampliﬁer and ﬁlter
circuit.
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Figure 3.7: Schematic of one channel of combined buﬀer and ﬁlter circuit for current
measurement.
The output from the current measurement board is fed between +Uin and −Uin
where the resistor Rin is limiting the current in fault situations. Rg is the resistor
that can be used to modify the gain of the INA126. The resistor value can be
calculated using (3.6) obtained from the component datasheet.
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G = 5 +
80kΩ
Rg
⇒ Rg = 80kΩ
G− 5 (3.6)
Since the selected gain for our circuit was 6.06 the value for the resistor had to be
75.47 kΩ. A 75 kΩ resistor was then used. In addition to the ampliﬁcation, also
a passive low-pass RC ﬁlter circuit was added for each channel to damp the high
frequency components from the measurement to prevent problems in the control.
The cut-oﬀ frequency of the RC ﬁlter was chosen as 5 kHz which is half of the
switching frequency. This was used since it is a standard procedure in many control
design task regarding power electronics. 750 Ω was chosen for RF . The capacitance
value of can be calculated with (3.7) that deﬁnes the RC circuit cut-oﬀ frequency.
fc =
1
2piRFCF
⇒ CF = 1
2piRFfc
(3.7)
5 kHz and 750 Ω result in capacitor value of approximately 42.4 nF. Value 47 nF
was found from the shelf and selected. This increases the cut-oﬀ frequency but only
slightly. The completed layout ﬁgures and picture of the ﬁnal circuit board are
presented in Appendix E
3.4.4 DC-bus voltage measurement
In order to control the DC-bus voltage with the grid converter, measurement from
the bus is required. Voltage level over the DC-bus in a three phase converter is above
540 V. With this high voltage level, insulation and voltage ratings of measurement
components have to be considered more thoroughly. Furthermore, it is important
to isolate measurement circuit from the measured DC bus for safety and operative
reasons. Measurement circuit built during this construction is based on Texas In-
struments ISO124 isolation ampliﬁer that incorporates a capacitive isolation barrier.
The schematic of this measurement circuit can be seen in Figure 3.8.
Bus voltage measurement was implemented using simple voltage divider based
on resistors. This was used due to its robustness, linearity and wide measurement
range. Output range was selected to be 0-10 V and since the gain of the isolation
ampliﬁer is one the input of the ISO124 had to be 0-10 V. Resistors were selected
such that 1000 V in the DC-bus corresponded 10 V over resistor RM . Six 100kΩ
resistors with voltage rating of 500 V and one 6.04kΩ resistor with voltage rating of
250 V were selected for this conﬁguration. Equation (3.8) shows relation between
measured and actual voltage with these resistors.
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Figure 3.8: Schematic of converter DC-bus measurement circuit.
UM =
RM
6R +RM
UDC
=
6.04kΩ
(99.1 + 98.7 + 98.8 + 98.7 + 99.1 + 98.8 + 6.04)kΩ
UDC
= 0.0101UDC
(3.8)
Values for the six R resistors were measured with a multimeter, and as can be
seen from the result, the desired relation 1/100 was achieved. Voltage is divided over
multiple resistors to decrease voltage stress in one resistor, thus reducing the risk
for breakdown. A ﬁrst order low-pass RC-ﬁlter is also inserted before ADC input to
reduce noise induced from the switching of the converters. This RC-ﬁlter is placed
on the buﬀer and ﬁlter board used with the current measurements and the design
is same as described in the buﬀer-ﬁlter circuit section. From the schematic ﬁgure,
it can be noted that the isolation ampliﬁer required two diﬀerent power supplies
to succeed in isolation. Hence, the same supply that was used with the current
measurement circuit was also used in the secondary side in this application. The
other built DC supply was used in the primary side. The ﬁnal layout ﬁgures together
with the picture of the ﬁnished circuit board are shown in Appendix F.
3.4.5 Grid voltage measurement
Grid side converter requires grid voltage measurement because it has to be syn-
chronized with them. Thus, a circuit for measuring grid voltages had to be con-
structed. The order from Vacon included two expander I/O boards for grid voltage
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measurement both supplied with a measurement transformer. Since only the other
converter was controlled with its own software the other measurement transformer
could be used to construct the grid voltage measurement for dSPACE. A measure-
ment transformer is beneﬁcial for this purpose since it provides also galvanic isolation
in addition to the measurement signal. The transformer had two primary and two
secondary windings. Hence, two line voltages were decided to be measured and the
third could be calculated with software. The transformers had a ratio of 60:1 which
meant that 325 V amplitude in the primary corresponded to 5.42 V in the secondary.
This was also veriﬁed by multimeter measurement. In addition to the transformer,
a similar buﬀer circuit as in current measurements was decided to be constructed.
A buﬀer circuit was added mainly to avoid over voltages in the dSPACE ADC in-
put. Hence, the cheaper self built circuit would break before expensive dSPACE
equipment in a fault situation.
Schematic of the grid voltage measurement circuit with the measurement trans-
former is presented in Figure 3.9. First the transformer steps down the sinusoidal
grid voltage from amplitude 325 V to 5.42 V. After this the voltage signal is divided
over resistors. This is done because the minimum gain using INA126 instrumenta-
tion ampliﬁers is 5 when no resistor is connected at Rg. Voltage input amplitude to
dSPACE ADC was selected to be 7.5 V when grid voltage is 325. This meant that
the voltage at the INA126 input had to be scaled down to 7.5/5 = 1.5 V. Thus a
voltage divider had to be implemented using resistors. These were calculated and
selected values were R3 = 34.74 kΩ and R4 = 12.99 kΩ. These resulted in instru-
mentation ampliﬁer input voltage of 5.42·(12.99 kΩ/(34.74 kΩ+12.99 kΩ)) = 1.48
V when amplitude of grid voltage is 325 V. This in turn yielded in the desired volt-
age amplitude of 7.5 V at the ADC. This should have been done using buﬀer with
lower gain and voltage division would have been avoided. However, there were no
other instrumentation ampliﬁers available at the department and INA126 had been
previously ordered for the current measurement buﬀer circuit purposes. Thus, it it
was easy to use the spare ampliﬁer to this circuit. RC ﬁlter seen in the schematic
diagram was not connected to constructed the circuit but places were left for option
if there was some disturbance visible in the measurements. One more factor to be
noted at this stage is that the measurement transformer inverts the voltage at the
secondary side. Hence, this needs to be inverted back in the dSPACE model. The
layout ﬁgures, pictures of the ﬁnished circuit boards and picture of the measurement
transformer are presented in Appendix G.
3. Design and construction of the test system 46
                INA126
R1
R2
R2
R1
Rg
R3
R3                 INA126
R1
R2
R2
R1
Rg
CF
RF
RF
CF
CS
CS
CS
CS
–US
-US
+US
+US
UOUTL1
UOUTN
UOUTL2
UOUTN
R4
R4
N
L1
L2
+
–
+
–
+
+
–
–
60:1
Figure 3.9: Schematic of grid voltage measurement circuit.
3.4.6 Torque transducer and incremental encoder
Now that all of the other measurement circuits were constructed, the next task was
to select the components responsible for torque measurement and rotor angle/speed
measurement. Both of these circuits require mechanical construction and special
parts when they are built. Hence, these are diﬃcult to construct without proper
knowledge and they were purchased. The torque transducer selection was mainly
based on the nominal torque of approximately 7.3 Nm of the 2.2 kW induction
motor. Even though induction motor maximum torque is multiple times larger
than the nominal value it is usually operated nearer to the nominal than to the
maximum. Furthermore, with variable frequency drive it is possible to accelerate
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the motor with constant nominal torque and no torque peak is shown as during the
direct grid connection. Nevertheless, a 50 Nm Kyowa TPS-A torque transducer was
selected. This transducer can be safely loaded with 120 % times the rated torque.
Hence, it is more than suﬃcient for this application and can withstand even slightly
larger motor. Picture of the transducer is presented in Appendix H. This torque
component provides an analogue output signal ranging from -5V to +5V with input
range from -50 Nm to +50 Nm. This gives the relation of 0.1V/Nm. In order to
exploit the whole ADC range from -10 V to +10 V in DS1103 the torque transducer
output voltage was scaled with resistors and then ampliﬁed using the same INA126
instrumentation ampliﬁer as in the previous circuits. After this buﬀer the relation
was 0.2V/Nm. This results in 10 V ADC input voltage if the measured torque is 50
Nm. Hence, now the whole ADC input range is employed.
In addition to the torque output, this transducer provides also pulsed speed out-
put. At ﬁrst this was planned to be used for the induction motor vector control
speed feedback. However, the pulse output revealed to have only 4 pulses/rev res-
olution which is not suﬃcient enough. Furthermore, the inverter driving the load
motor was used with torque control and in order to produce better load response
it required feedback from an incremental encoder. These two reasons forced to
purchase an encoder with higher resolution. However, since DS1103 can directly
transform incremental encoder pulses to speed and angle no additional circuitry for
transforming the pulses into speed and angle were required. The plan was to use
the same encoder output for both applications: Vacon converter and dSPACE input.
However the next issues emerged from the fact that the Vacon encoder expander
board required 24 V encoder pulses whereas the dSPACE incremental encoder input
worked on 5 V pulses. The solution for this problem was to purchase encoder that
would work with 24 V supply provided from the Vacon encoder board and then
build an interface circuit that would transform the 24 V pulses into 5 V pulses using
optical isolation and dSPACE +5 V supply.
The result was that a Kubler incremental encoder with the resolution of 1000
pulses/rev and supply voltage range from 15 V to 24 V was purchased. This was
connected directly to the Vacon encored board and to the 24 V supply it provided.
Next an interface circuit that was planned to be connected in parallel with the
Vacon encoder board was designed. The design was based on Avago ACPL-W480
optocoupler that has a GaAsP led at the input and a push-pull conﬁguration at the
output. This type of output was required since no pull-up resistors could have been
used with the dSPACE encoder input. The voltage for the pulses in the output was
provided by the dSPACE since it had a pin for +5 V supply at the encoder connector.
A picture of the incremental encoder connected to the motor shaft, layout design of
the encoder dSPACE interface and picture of the ﬁnished circuit board are presented
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in Appendix I. It is not advisable to use the same encoder for both motor controller
feedbacks because actually the shaft couplings are not completely rigid and this
might cause problems in the control. Another encoder connected to the shaft of
the work motor would be the ﬁrst improvement for this test bench even though the
control worked with only one encoder.
3.4.7 Optical transmitter circuit
The original plan was to bypass the Vacon control from the grid and the motor
converter connected to the work motor. The solution for this problem was to order
VaconBus adapter cards that enable the separation of the control part from the
part including the power semiconductors [17]. These cards transfer the information
between the two parts using optical ﬁbres. There are seven optical ﬁbres in total
and the signals contents are gathered into Table 3.4.
Table 3.4: VaconBus optical ﬁbre signal content [17]
Fibre no. Signal content
1 Enable signal for the switches
2 Phase U upper switch PWM signal
3 Phase V upper switch PWM signal
4 Phase W upper switch PWM signal
5 Signal for AD conversion start at the power part
5 Serial data receiving
7 Serial data transmitting
In conclusion, the optical ﬁbres 1-4 are responsible of the switching of the IGBTs
and the ﬁbres 5-7 transfer measurement data between the control part and the
power semiconductor part. Hence, the signals 1-4 had to be bypassed and the
information regarding these transmitted from dPSACE. dSPACE DS1103 slave DSP
has built-in PWM signal generators and it can simultaneously supply seven separate
PWM signals. This is suﬃcient enough for this applications because both of the
converters required only the PWM signal for the upper switches of the IGBT bridge.
Hence, total PWM signal count in this application is six. The ASIC-circuit in the
VaconBus adapter card creates the inverted signals for the three lower switches and
it also creates the dead time for each switch. Hence, the ideal PWM signals can be
transmitted from dSPACE. In addition to the PWM signals an enable signal which
is needed to start the modulation of the IGBTs is also required from dSPACE. The
digital signals supplied by DS1103 are TTL (Transistor-transistor logic) type which
means that logical low is between 0 V-0.8 V and logical high between 2.2 V-5 V.
These voltage signals need to be transformed into optical and the next task was to
construct this optical transmitter circuit.
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The ﬁrst task at this stage was to select a suitable optical transmitter component.
The selection for this was based on observing the VaconBus adapter card and a simi-
lar transmitter was chosen as the basis for this circuit. The selected transmitter was
Avago HFBR-1521Z. Furthermore, a Texas Instruments SN75451 peripheral driver
was selected to be the switching component for the transmitter. The schematic
diagram of the designed optical transmitter is presented in Figure 3.10.
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HFBR-1521Z 
R
HFBR-1521Z 
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R
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R
HFBR-1521Z 
DL3
Gnd
Figure 3.10: Schematic of optical transmitter circuit.
The inputs DL1-DL3 are for the PWM signals. When a logical high is inserted
to these inputs the optical transmitter in that channel gives out logical high and
the led is illuminated. The enable signal is additionally supplied with a XOR-gate.
The gate has two input signals: enable and toggle. This is implemented because
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during the model compilation the I/O pins of the DS1103 are switching states and
if nothing would be done the enable signal would also switch states and cause the
power semiconductors to switch uncontrollably. Now that the XOR-gate is inserted
the ﬁbre enable is at logical high only when the dSPACE enable and toggle have
diﬀerent states. The layout design and picture of the ﬁnished circuit board are
presented in Appendix J.
3.4.8 Load motor control circuit
The ﬁnal required circuit to build was for the control signals from dSPACE to the
converter which control the load motor. The purpose for this circuit is to rise the
TTL level signal to be suitable for the Vacon converter basic I/O board which
requires 24 V supply based digital I/O signals. The signals conducted through this
circuit are on and oﬀ commands for the load motor converter and grid side converter.
Schematic of the designed load motor control board is presented in Figure 3.11.
In this circuit, the control signal is transmitted into a XOR-gate again to avoid
unnecessary switching during the model compilation. The XOR-gate output is then
transmitted to a operational ampliﬁer that operates as a comparator. If the positive
input of the op amp is greater than the reference in the negative input the 24 V
supplied by Vacon converter is fed to the Uout+ connected to the start signal input
in the converter.
R
UCC
R
CS
R
UIN
Tgle R UOUT++
– 
GnddSPACE
USVacon
GndVacon
Figure 3.11: Schematic of load motor control signal circuit.
In addition to the start and stop signals, also the load motor torque reference
signal is transmitted to the converter. However this is done directly from dCPACE
DAC ouput since the reference signal input for Vacon basic I/O board accepts voltage
range 0-10 V which is possible to obtain with dSPACE. Furthermore, another DAC
signal is fed to the motor converter to supply a speed limit for the motor, because
during torque control it would accelerate inﬁnitely until something would break if
there was no speed limit.
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3.5 Complete system
After completing the construction of the components they were installed to the
bench and a lot of testing was conducted between every installed component. Fur-
thermore, each of the components had to be tested also separately before installa-
tion. Figure 3.12 presents the completed system after installation of all the necessary
components. In this ﬁgure the test bench construction is located on the left. The
dSPACE DS1103 and CP1103 are located on the table in the centre of the ﬁgure.
And on the right is the host PC with the user interface containing Simulink and
ControlDesk.
Figure 3.12: Figure of the complete induction motor test bench.
The test bench on the left contains all of the drive elements. The most top
left is the grid converter for the work motor drive and next to it is the motor side
converter both with the bypassed control. The grey cases below these are the DC
bus measurement circuit and measurements for both grid and motor currents. The
larger grey case in the top middle with a transparent cover contains switches and
contactors for starting the converters as well as over current protection. Below this
slightly on the left are the external DC supply circuits in the case with a transparent
cover and the transformers for them in the grey metal case. Directly on the right
from these is the case for measurement transformers for Vacon and for dSPACE. On
the top right is the grid converter for the load motor drive and next to it on the left
is the load motor converter. Below these is ﬁrst the control board for these two and
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also the optical transmitters for the bypassed converters. At the bottom are the two
ABB 2.2 kW induction motors. Work motor is located on the left and load motor
on the right. Between these is the torque transducer. The large metal case with a
transparent top behind the motors contains the grid side LCL-ﬁlters for both grid
converters. On the back, not seen in this ﬁgure, are the ampliﬁer/ﬁlter circuits from
where the signals are transmitted to dSPACE using coaxial cables.
When all the installations had been done the next step was to implement the
control system in Simulink. This was implemented using the same model that had
been used previously in the simulations. Induction motor model was removed from
the system and replaced with RTI blocks for current, speed and angle measurements.
At this stage the control for grid converter was not implemented due to lack of time.
However, all the necessary measurements are implemented so only the control system
Simulink model needs to be constructed. More thorough description of the motor
control model is presented in Appendix B.
When the control system had been ﬁnalized, the last task was to calibrate the
measurement signals. The current measurements were calibrated using a DC voltage
source and a multimeter. One ampere of DC current was conducted through each
measurement transducer simultaneously measuring the current with the multime-
ter and scaling the parameters in dSPACE model so that the correct scaling factor
was achieved. After this also higher currents were tested for veriﬁcation. Similar
calibrating process was also implemented with the DC-bus and grid voltage mea-
surement circuits. The motor speed validity was veriﬁed using Vacon converter that
had an output for monitoring the motor speed calculated from the encoder input.
After all the necessary calibrations and veriﬁcations were conducted the next step
was to verify the operation of the drive by measurements. This is performed in the
next chapter.
53
4. MEASUREMENT RESULTS AND
EVALUATION
After completing the test bench construction, the ﬁnal task was to verify the control
system operation. Similar test drives were conducted as in the simulations presented
in the theory part of this thesis. The measurements were obtained directly from the
measurement circuits presented in the previous chapter. The data acquisition was
executed using ControlDesk software that transferred measurements from dSPACE
DS1103 via optical ﬁbre as described in the previous chapter. The measurement
data was then transferred to Comma Separated Values File that could be directly
used in Matlab to extract matrices containing the data points. The matrices were
then used to draw ﬁgures shown in this section.
As described in the construction part, the current measurements were ﬁltered with
a passive RC low-pass circuit with cut-oﬀ frequency at approximately 5 kHz. Fur-
thermore, the DS1103 measurements were synchronized with the PWM-modulator
so that every measurement point was stored during time the period when none of
the six switches was changing their state. Hence, the ripple in the motor currents
caused by the switching was minimized in the measurements. One measurement
was conducted at every switching period of the inverter which resulted in a data
acquisition frequency of 10000 kHz. These factors above result in a situation where
current measurements shown here present the waveforms that are used for control
purposes. hence, the actual current waveforms diﬀer slightly by containing more of
the switching ripple caused by the semiconductor switching. This is important to
notice before evaluation of the results presented in this section.
The speed and torque measurements presented here were also obtained using
ControlDesk. Hence, the torque transducer and incremental encoder presented in the
construction section provide the measurement signals for these. The data acquisition
frequency with these measurements was also 10000 kHz.
Three diﬀerent test cases were conducted in this section. Each of them were then
used to evaluate motor drive responses in diﬀerent operation regions. The cases were
constructed in a similar manner as the simulations previously to enable comparison
between the model and real life system. First section presents measurement results
from acceleration/deceleration test under no-load operation, in the next section a
step change in load torque is applied during constant speed, then in the third section
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operation in motor ﬁeld weakening region is tested and ﬁnally the obtained results
are evaluated in the fourth section.
4.1 Acceleration and deceleration
In this section, the ﬁrst a speed ramp reference from 0 to 2000 rmp was given with
a slope of 1000 rpm/s. After the motor had achieved a constant speed of 2000 rpm
it was kept for few seconds. And ﬁnally the speed reference was decreased back to
zero with slope of -1000 rpm/s. The motor was load was kept at zero during the
entire test run. Figure 4.1 shows the speed reference value and the actual measured
speed response of the motor during the whole test period. When observing this the
system seems to response quite well for the given speed reference.
However, if more detailed view shown in Figures 4.2(a) and 4.2(a) is observed,
some small oscillation seems to occur around the steady-state reference value. This
oscillation has an amplitude of 1.5 rpm which is still within acceptable range, since
it is only fractions of the reference speed value.
0 1 2 3 4 5 6 70
500
1000
1500
2000
Time [s]
R
ot
at
io
na
l s
pe
ed
 [r
pm
]
 
 
Speed reference
Speed response
Figure 4.1: Speed reference and measured speed during entire acceleration and deceleration
test.
There might be multiple reasons for this oscillation phenomena. One reason
could be disturbances induced to the speed measurement itself. However, since the
speed measurement is implemented using incremental encoder with pulsed signals
probably the disturbance aﬀected by this would seem greater. Other reason could
be that the mechanical structures have some resonance frequency which aﬀects the
speed around this rotational speed. This might be one good explanation, since the
oscillation frequency is rather low approximately 30 Hz calculated from these ﬁgures.
The third possible reason could be not optimally tuned speed controller.
However, if these measurement results are compared with the results obtained by
simulation they seem to correspond fairly well. The overshoot in both during the
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acceleration is approximately the same: 5 rpm in simulation and 7 rpm in measure-
ments. With deceleration the simulation diﬀers slightly from the measurements and
the response is little faster in simulation. In conclusion, the major diﬀerence is the
small oscillation that occurs at the steady-state speed.
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Figure 4.2: Speed reference and measured speed during (a) acceleration ramp and (b)
deceleration ramp.
Figure 4.3 shows the measured shaft torque. Closer inspection reveals some dis-
turbances at the measurement. There is also a DC-oﬀset of approximately 0.1 Nm,
since at the beginning from 0s to 0.8 s no torque was applied to the shaft. However,
if these factors are taken into account when evaluating the results it can be seen that
during the acceleration ramp measured torque is approximately 0.3 Nm, during the
constant speed zero and during the deceleration ramp it is -0.3 Nm. These results
are also quite well comparable with the simulation results.
Figure 4.4 shows the measured three-phase motor currents. Figure 4.4(a) is the
measurement from the entire time period whereas Figure 4.4(b) illustrates the accel-
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Figure 4.3: Measured torque at the shaft during acceleration and deceleration test.
eration part currents. From the beginning to approximately 0.8 s, the phase current
have constant values. The reason for this is that when the modulation of inverter
is started, the speed reference is still zero, but the ﬂux reference starts to increase
with a ramp right after inverter is started. Hence, the DC current is for magnetizing
the motor. In the future, this should be changed and it is possible to implement in
the Simulink model. Even though, the current levels in the windings are quite small
and probably no harm will be caused, since the speed is usually increased right after
start.
If the measurements are investigated more thoroughly, it can be stated that the
current amplitude stays at 2 A during the whole measurement period with speeds
from 0 to 2000 rpm. The only quantity that is changing during this measurement is
frequency of the current. This can be noticed better in the extended view shown in
Figure 4.4(b) where it is obvious that frequency is increasing during the acceleration
but the amplitude remains unchanged. Again when these results are compared
with the simulations, they are quite consistent. The only diﬀerence exists at the
start up situation where there is no higher transients noticeable in the measured
currents. This is due to the fact that during the measurement, the motor is already
magnetized before starting of the rotation whereas in simulation everything starts
in the beginning.
These current measurements present the waveforms that are used by the control
system. Hence, they do not show the actual currents ﬂowing in the motor. However,
this is still extremely educational for the students. Furthermore, it is rather easy to
attach a current probe to one phase conductor leading to the motor and demonstrate
the diﬀerence of real current and the one used in the control purposes by showing
both of them in oscilloscope window. This is possible, since the dSPACE current
measurement can be taken out from one DAC channel and attach it to oscilloscope.
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Figure 4.4: Measured three-phase currents during (a) the entire test period, (b) acceleration
ramp.
Finally, Figure 4.5 ends this section by illustrating the stator current space vector
components isx and isy calculated in rotor ﬂux reference frame using the measured
three-phase currents together with the measured rotor angle. It can be seen that
the transformation is successful, since the components are both DC values. The
blue curve is staying constant during the whole time as is supposed to, since it is
the component that is responsible of magnetization. Whereas, the red curve is the
stator current component that is responsible for motor torque. When the red curve
is compared with the torque measurement it is obvious that they have a relation. If
we once more compare these measurements with simulations it can be stated that
they correspond rather well. Of course the measurements have more disturbance
but overall there is quite good correlation even with the magnitudes of the currents.
This ﬁrst acceleration test conducted without any load torque proved that the
constructed test bench worked ﬁne without any major problems at least when the
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Figure 4.5: Measured stator currents expressed in rotor ﬂux reference frame.
motor was not loaded. The next step was to examine how the load motor worked
and how the load torque aﬀected the motor operation, response and stability. This
was conducted in the next measurement section.
4.2 Load torque step change
As in the previous section these, test drive settings were arranged similarly as in
the simulation. However, since the grid converter control was not yet implemented
the generator operation was not tested in this section. During this test, the motor
was driven at a constant speed of 2000 rpm and then a a torque step of 3 Nm was
applied to the shaft with the load motor. After the speed had stabilized a torque
step back to zero was conducted.
Figure 4.6 shows the measured shaft torque. As can be seen the step change at
the load is applied at approximately 1.2 s and step back to zero at 6.2 s.
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Figure 4.6: Measured torque at the shaft during load step test.
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The step increases quite accurately to 3 Nm. However, the step is not inﬁnite either
when increasing or decreasing, but rather it seems to have some kind of ﬁltering. The
fact that the load torque is generated using another induction motor will always have
eﬀect on the torque response. The load step increase rate will mostly be aﬀected by
the control of the inverter driving the load motor. However, it is almost impossible
to physically create an ideal step torque load without overshoot and actually the
step response in load created by the load motor in this measurement was rather
good. Furthermore, the ﬁltering time for torque reference input signal measurement
in Vacon can be decreased and even completely removed and this would make the
response faster. During this measurement case the ﬁltering time was 100 ms.
Figure 4.7 shows the extended view of reference and measured speed during the
complete measurement period. From the measurements it can be stated that the
control manages to retain the reference speed quite accurately as in the simulation
results. However, the time from the torque step back to steady-state value demands
almost 1 s compared to the 0.2 s in simulation. One reason for this might be the
fact that in the simulation only the moment of inertia of one motor was taken into
account, whereas during the real situation there was two motors and the torque
transducer as well as couplers connected to the same shaft. During transition back
to zero load the response is notably faster.
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Figure 4.7: Speed reference and measured speed during load step test.
Figure 4.8(a) shows the measured three-phase stator currents during the complete
period and Figures 4.8(b) and 4.8(c) show the currents during transition from no-
load to 3 Nm load and vice versa respectively. As can be noticed from these ﬁgures
applying load torque increases the current. The rather slow response can also be
seen in here since it takes approximately 1 second before current has reached the
higher value required to compensate the 3 Nm load. The amplitude of the current
under loaded situation is slightly below 4 A and this corresponds to the simulations
4. Measurement results and evaluation 60
quite well.
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Figure 4.8: Measured three phase currents during (a) entire measurement period, (b) load
step from 0 Nm to 3 Nm and (c) load step from 3 Nm to 0 Nm.
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Figure 4.9 presents the stator current transformed into space vector components
in rotor ﬂux coordinates. Blue is isx and red isy. Again the blue is staying constant
the whole measurement period because the rotational speed is below nominal and
motor operates at constant ﬂux region. The eﬀect on load step can be seen in the isy
current measurement. This current starts to increase immediately after the load has
been applied in order to retain the reference speed. The response seems quite slow
and the reason for this might be either too slow speed controller or current controller.
The magnitudes here correspond well with the simulations but the response diﬀers
quite drastically.
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Figure 4.9: Measured stator currents expressed in rotor ﬂux reference frame.
Even though there was some diﬀerences with simulations and the measurements,
the test system itself functioned quite well. The load motor operated as supposed
to and, furthermore, the control system could operate the motor well in loaded
situation. In addition, the switching of the load converters did not cause any major
disturbances. Next the motor operation with higher speeds could be tested and this
is conducted in the next section.
4.3 Operation in ﬁeld weakening region
This third section of this chapter presents the measurement results obtained from
testing the motor drive above the nominal speed of the motor. First the motor was
accelerated under no-load situation from stand still to 3100 rpm with a slope of
1000 rpm/s. When the motor had achieved the correct speed a load step from zero
load to 3 Nm was conducted. And ﬁnally the torque was stepped down back to
zero. This again follows the same type of test procedure as in the simulation but in
this case the acceleration ramp was only 1000 rpm/s, whereas in the simulation it
was 3000 rpm/s. The measured speed response with reference speed can be seen in
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Figures 4.10(a) and 4.10(b). The ﬁrst ﬁgure shows the whole period and the second
is focused closer to enable better view.
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Figure 4.10: Speed reference and measured speed (a) during entire test period and (b)
focused view during load torque changes.
The result is that control system is able to achieve the reference speed 3100
rpm without problems. However, the applied load step produces almost 140 rpm
decrease on the speed before controller starts to react. Hence, this is signiﬁcantly
higher decrease compared to the simulation. However, the controller is able to
recover and achieve the reference speed eventually after approximately 1 second.
On the contrary, the step back to zero load does not aﬀect the speed much and
only increase of 8 rpm occurs after load change. Furthermore, reference speed is
again achieved in 0.2 seconds. It seems that the simulation model becomes more
inaccurate when the speed of the motor increases.
Figure 4.11 shows the measured shaft torque. The overshoot occurring at the
speed can also be seen at the torque measurement. It is apparent during the peak
4. Measurement results and evaluation 63
of slightly above 5 Nm at the torque measurement. By investigating the speed and
the torque ﬁgures it seems that the load motor works as desired and the peaking
is mainly due to the work motor control. Hence, there is room for improving the
controllers.
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Figure 4.11: Measured torque at the shaft during ﬁeld weakening region test.
Figures 4.12 - 4.13(b) present the measured three-phase stator currents. (a)
presents the waveforms during the whole period, (b) during transition to ﬁeld weak-
ening area and (c) shows the currents after the load is applied. The overshoot
noticed in both speed and torque measurements is also apparent in the measured
currents. During the transition from no-load to 3 Nm current amplitudes hit 7 A
shortly and this can be noticed more closely in Figure 4.13(b). Other remarkable
thing occurs between 3 and 4 seconds when the motor moves to ﬁeld weakening
region. This is noticeable in the current as the amplitude decreases from 2.1 A to
1.9 A. The phenomena is shown closer in Figure 4.13(a).
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Figure 4.12: Measured three phase currents during entire ﬁeld weakening region test.
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Figure 4.13: Measured three phase currents during (a) the transition to ﬁeld weakening
region and (b) load step at the ﬁeld weakening region.
Figure 4.14 concludes the measurement results by presenting the stator current
space vector components in rotor ﬂux reference frame. During this test case, the
current component isx responsible for ﬂux generation does not stay constant, because
the motor is operating in ﬁeld weakening region. The change in this current is not
signiﬁcant but it can still clearly be seen from the ﬁgure. The large deviations that
were noticed in the three-phase currents can mainly be detected in current isy. Apart
from the higher deviation in the measured quantities, the results obtained from this
section are still quite similar with the simulation results. The measurement results
presented here conclude the measurements conducted with this test bench. Next
section will ﬁnalize this chapter by evaluating the obtained measurements and giving
some conclusions.
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Figure 4.14: Measured three-phase currents expressed in space vector components in rotor
ﬂux reference frame.
4.4 Evaluation
The results obtained from the measurements indicate that this test system is working
as expected. Of course as almost always, there is room for improvements. This
section evaluates the functionality of three main measurement regarding the electric
motor operation. These include motor current, speed and torque measurements.
As already stated in the beginning of this section, the currents obtained from
dSPACE measurements are ﬁltered with passive low-pass circuit with corner fre-
quency at approximately 5 kHz. This combined with fact that the measurements
are synchronized with the PWM modulator switching produces results suitable for
control purposes. On the other hand if more research is desired for instance on the
harmonic content of the motor currents, should this be conducted with an oscillo-
scope. However, during the control system teaching, the dSPACE measurements
provide useful information of the practical design issues of control system design.
For example the behaviour caused by not synchronizing the current measurements
with the PWM on the operation of the control system can be studied in practice.
The speed measurement provided also good results. Since the control was able
to work with the feedback and achieve the desired speed, there was no problems
regarding incremental encoder operation. Furthermore, the angle calculated from
incremental encoder pulses was correct since the control system was able to calcu-
late the stator currents to space vector form and transform them into rotor ﬂux
reference frame for use for the current controller. During this measurement the
10000 kHz model update/measurement frequency did not produce problems since
dSPACE actually reads each pulse from the encoder input regardless of the model
update frequency. Therefore, the speed measurement was quite accurate with the
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1000 puls/rev encoder.
The torque measurements obtained in this section seemed to include some noise.
However, this measurement was a little diﬃcult to verify due to the lack of any
reference device. Hence, the measurement results provided by the manufacturer
had to be trusted. However, during this section, the torque value obtained by
measurements corresponded well with the reference value fed to the load motor
inverter. Furthermore, the oﬀset value seen at the torque was removed after the
measurement tests.
These measurements indicated that the model used with the simulations worked
mostly as predicted during the steady-state operation. However, slight diﬀerence
between measurements and simulation results occurred during transient situations.
One reason for this might be the fact that model used in this thesis was designed
for induction motor with wound rotor structure. However, this probably induced
only small diﬀerences. More signiﬁcant diﬀerences between the model and the real
system were probably caused by the simpliﬁcations made in the model. These were
the neglect of iron losses, core saturation, harmonic content and the assumption
that resistances and reactances remain constant. The two latter simpliﬁcations
probably cause the most signiﬁcant errors since the motor current actually contains
a lot of harmonics and the rotor resistance is extremely temperature dependent.
Furthermore, during the simulation, the three-phase inverter was ideally modelled
which causes also diﬀerences compared to the real world system due to dead time,
switching losses and non-ﬁnite rise time of the voltages.
In conclusion, the system itself functioned well. Furthermore, the motor model
used in the course gives satisfying results when compared with the measurements.
Even though diﬀerences occur, this laboratory test bench gives good experience
for the students from the practical point of view and still the measurements are
comparable with the simulations they perform with the models.
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5. CONCLUSIONS
The objective for this thesis was to design and implement an induction motor drive
test bench mainly for educational and also research purposes. The main purpose
for this test system was to provide laboratory equipment for course DEE-34106
Modeling and Control of Electric Drives.
The work started by deﬁning the fundamental features that the test bench had
to fulﬁl. The most important factor is safety, since the system is used by students.
This had to be considered during every step. Next important was that the test
bench had to be small enough to enable easier relocation. And the ﬁnal criterion
was the integration with Matlab Simulink to enable eﬀortless use for students.
With these criteria, small 2.2 kW induction motors were chosen together with
Vacon converters as the main components. Furthermore, dSPACE DS1103 and
CP1103 were selected for the control interface due to integration with Simulink and
user friendly experiences of using. The next step was to simulate the operation of
the system using parameters from the main components. This was conducted with
the induction motor model and vector control system model which are used in the
course mentioned above. In addition of giving results to support the test bench
design, the use of the same model as in the course provided the conﬁrmation that is
possible to design the real control using the model. Hence, students would be able
to successfully test their design with the test system.
Design and construction was then implemented based on these simulations. This
included the fabrication of current measurement circuits for the grid and motor
side, DC-bus and grid voltage measurement circuits and DC power supply for these.
Furthermore, incremental encoder and torque transducer were purchased. In addi-
tion to the measurement circuitry, also the PWM control signals required an optical
transmitter circuit and load motor controller board was also constructed. Finally
these components were installed into a single test bench structure and connected
to dSPACE system. After the hardware construction phase had been completed,
the dSPACE control system was designed based on the previously built Simulink
model by replacing the induction motor vector model with real life current, speed
and angle measurements using the proper RTI blocks. At this stage the control for
grid converter was neglected and postponed for later.
After everything above had been successfully implemented, three diﬀerent tests
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were conducted. These included tests for validating motor operation during the
speed reference change, load torque change and ﬁeld weakening situations. Mea-
surements were done and the results were studied and compared with the simula-
tions. At this stage, the test bench was noticed to work as expected. However, some
diﬀerences with the simulations were also stated.
As a result, a valid induction motor test system was developed. In my opin-
ion, this test bench provides eﬀortless testing equipment which will oﬀer students
a possibility to broaden their knowledge regarding motor drive control design and
veriﬁcation in practice. In addition to teaching purposes, this system also provides
potential to motor control research. Now that the complete system has been im-
plemented the veriﬁcation of diﬀerent control algorithms is easy and requires very
little time. In the future, this system is quite easy to be further developed and for
example, due to its modularity, diﬀerent components can be added and replaced
with small eﬀort. Regarding the future usage of the test bench, I think the it will
be focused mainly on teaching purposes and less research is conducted. However, in
conclusion my opinion is that this test system provides a nice addition to the lab-
oratory teaching equipment repertoire of the Department of Electrical Engineering
at Tampere University of Technology.
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A. INDUCTION MOTOR DRIVE SIMULINK
MODEL
The voltage equations in an arbitrary reference frame introduced in (2.23) and (2.24)
can be divided into real and imaginary components presented in (A.1)-(A.4).
ux =
Rs
L′s
ψx − ωkψy + dψx
dt
− krRs
L′s
ψu (A.1)
uy =
Rs
L′s
ψy − ωkψx + dψy
dt
− krRs
L′s
ψv (A.2)
uu =
Rr
L′r
ψu − (ωk − ω)ψv + dψu
dt
− ksRr
L′r
ψx (A.3)
uv =
Rr
L′r
ψv + (ωk − ω)ψu + dψv
dt
− ksRr
L′r
ψy, (A.4)
where subscripts x, y, u and v denote stator real, stator imaginary, rotor real and
rotor imaginary components respectively. Furthermore, the stator and the rotor
inductances, L′s and L
′
r, are deﬁned by (A.5)-(A.6).
L′s = Ls −
L2m
Lr
(A.5)
L′r = Lr −
L2m
Ls
, (A.6)
where self-inductances of the stator and the rotor are
Ls = Lsσ + Lm (A.7)
Lr = Lrσ + Lm, (A.8)
which by substituting Ls with (A.7) and Lr with (A.8), yields (A.9) and (A.10).
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L′s = Lsσ +
LrσLm
Lrσ + Lm
(A.9)
L′r = Lrσ +
LsσLm
Lsσ + Lm
(A.10)
These inductances can be then calculated with the known leakage and magnetizing
inductances. Furthermore, the variables ks and kr are stator and rotor coeﬃcients
respectively and deﬁned by (A.11) and (A.12).
ks =
Lm
Ls
(A.11)
kr =
Lm
Lr
(A.12)
Similarly as the voltage equations also the ﬂux equations introduced in (2.25) and
(2.26) can be divided into real and imaginary components.
ψx = Lsix + Lmiu (A.13)
ψy = Lsiy + Lmiv (A.14)
ψu = Lsiu + Lmix (A.15)
ψv = Lsiv + Lmiy (A.16)
Furthermore, equation of motion and equation of electromechanical torque are pre-
sented in (A.17) and (A.18) respectively.
te =
3
2
p(ψxiy − ψyix) (A.17)
J
dω
dt
= te − tl −Bω, (A.18)
where te is the electromechanical torque, tl load torque applied to the motor shaft,
J the moment of inertia, p number of pairs of poles, ω rotor rotational velocity and
B damping coeﬃcient. During simulations in this thesis, zero damping coeﬃcient
was used.
Equations (A.1)-(A.18) were used to construct the induction motor space-vector
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model in stator reference frame in Simulink environment. Direct space-vector control
in rotor ﬂux reference frame was then implemented to the same model. Figure A.1
present the complete Simulink model and Figures A.2-A.11 the subsystems included
in the model.
Figure A.1: Induction motor drive model Simulink implementation.
Figure A.2: Extended view of the 'Induction motor model'-subsystem which contains in-
duction motor space-vector model implementation in stator reference frame.
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Figure A.3: Extended view of the 'Flux (Stator coordinates)'-subsystem.
Figure A.4: Extended view of the 'Currents (Stator coordinates)'-subsystem.
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Figure A.5: Extended view of the 'Mechanics'-subsystem.
Figure A.6: Extended view of the 'Induction motor vector control'-subsystem. Contains
implementation of the induction motor space-vector control system in rotor ﬂux reference
frame.
Figure A.7: Extended view of the 'Speed controller'-subsystem. Contains implementation
of the PI controller used as speed, ﬂux and current controller (diﬀerent Kp and Ki).
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Figure A.8: Extended view of the 'Flux model'-subsystem. Used to calculate ﬂux absolute
value and ﬂux angle by using measured currents ans measured rotor position.
Figure A.9: Extended view of the 'Reference ﬂux'-subsystem which is used to calculate
the reference ﬂux absolute value according to the measured speed.
Figure A.10: Extended view of the 'UVW to xy'-subsystem which is used to perform
Clarke's transformation.
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Figure A.11: Extended view of the 'xy to dq'-subsystem which is used to perform Park's
transformation.
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B. INDUCTION MOTOR DRIVE SIMULINK
MODEL USED WITH DSPACE
After the test bench had been constructed, the Simulink model used to perform
simulations had to be changed to make it function with the real-time measurements
from the actual induction motor. The modiﬁed Simulink model is presented in
Figure B.1. Subsystems for the grid converter control were also inserted, however,
they were not used in this thesis.
Figure B.1: Induction motor Simulink model used in the test bench with dSPACE DS1103.
The induction motor space vector model subsystem was removed and replaced
with the subsystems 'Measurements motor' and 'PWM modulator motor converter'.
The measurement subsystem contains the RTI blocks and coeﬃcients required to
scale the ADC input values to suit the control system. In addition to the current
and torque ADC measurements, also the incremental encoder RTI blocks, which
provide rotor angle and speed measurements, were added. Figure B.2 presents this
subsystem.
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Figure B.2: Extended view of 'Measurements motor'-subsystem containing the RTI blocks
for stator currents, shaft torque, rotor speed and rotor angle measurements.
The measurements provided feedback for the control system whereas the 'PWM
modulator motor converter' was implemented to provide the pulses for the semicon-
ductor switches. Hence, the control system output is transmitted to this subsystem
and it will transform the control signals to suit the DSP PWM modulator. Further-
more, this subsystem contains the digital I/O interface for the Vacon enable signal.
Figure B.3 presents this subsystem. The trip signal input seen in the ﬁgure is a
safety feature which stops the converter modulation in case of over current or over
speed. After tripping the model has to be built again with the C/C++ compiler to
reset the trip signals. Furthermore, the 'PI enable'-output is providing start signal
for the PI controllers (ﬂux, speed, current). This is used to start the control system
in the beginning of modulation, because else the controllers would saturate to their
limits before the start up and problems would occur.
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Figure B.3: 'PWM modulator motor converter'-subsystem containing the input for the
DSP PWM modulator and enable signal for the converter.
Figure B.4 presents the over current and over speed detectors. The implementa-
tion is based on a simple comparator which sends a trip signal if either measured
current or speed exceeds the limit set to the switch block. This signal is then trans-
mitted to 'PWM modulator motor converter' subsystem which sets the enable signal
to zero and modulation in the converter stops. However, the DSP modulator still
continues to modulate but the references do not reach the IGBTs.
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Figure B.4: Over current and over speed detection Simulink implementation.
Figure B.5 presents the 'Load motor converter control'-subsystem. This provides
analogue load torque reference and speed limit reference for the load motor converter
using dSPACE DAC RTI blocks. Furthermore, digital I/Os are used for start and
stops signals of the motor and gird-side converters.
Figure B.5: Extended view of 'Load motor converter control' subsystem which provides
load torque reference, speed limit, start and stop signals for the load motor converters.
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C. EXTERNAL POWER SUPPLY LAYOUT
DESIGN AND PHOTOGRAPH
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Figure C.1: ±12V DC power supply board layout top view.
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Figure C.2: ±12V DC power supply board layout bottom view.
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Figure C.3: Two soldered and ﬁnished ±12V DC supplies without transformers.
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D. CURRENT MEASUREMENT CIRCUIT
LAYOUT DESIGN AND PHOTOGRAPH
CT1CT2CT3
C1C2
R1R2R3 C3C4C5
T1
CT1
C T 1 x 1
C T 1 x 2
C T 1 x 3
CT2
C T 2 x 1
C T 2 x 2
C T 2 x 3
CT3
C T 3 x 1
C T 3 x 2
C T 3 x 3
C1
C 1 x 1 C 1 x 2C2C 2 x 1
C 2 x 2
R
R 1 x 1
R 1 x 2R
R 2 x 1
R 2 x 2
R
R 3 x 1
R 3 x 2 C3C 3 x 1C 3 x 2C4C 4 x 1C 4 x 2C5C 5 x 1C 5 x 2
TT 1 x 1
T 1 x 2
T 1 x 3
T 1 x 4
T 1 x 5
T 1 x 6
T 1 x 7
T 1 x 8
Figure D.1: Current measurement board layout top view.
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Figure D.2: Current measurement board layout bottom view.
D. Current measurement circuit layout design and photograph 85
Figure D.3: Soldered and ﬁnished current measurement PCB top and front view.
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E. BUFFER AND FILTER CIRCUIT LAYOUT
DESIGN AND PHOTOGRAPH
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Figure E.1: Current and DC-voltage measurement buﬀer and ﬁlter board layout top view.
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Figure E.2: Current and DC-voltage measurement buﬀer and ﬁlter board layout bottom
view.
E. Buﬀer and ﬁlter circuit layout design and photograph 87
Figure E.3: Soldered and ﬁnished buﬀer and ﬁlter PCB.
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F. DC-BUS VOLTAGE MEASUREMENT
CIRCUIT LAYOUT DESIGN AND
PHOTOGRAPH
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Figure F.1: DC-voltage measurement board layout top view.
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Figure F.2: DC voltage measurement board layout bottom view.
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Figure F.3: Soldered and ﬁnished DC voltage measurement PCB.
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G. GRID VOLTAGE MEASUREMENT CIRCUIT
LAYOUT DESIGN AND PHOTOGRAPH
INPUT OUTPUT
L1
L2
N
L1
L2
N
-12
+12
GN
D
GN
D
Grid voltage measurement
Opt Cf
Opt Cf
Rg
Rg
34
.7
k
34
.7
k
12
.9k
12
.9k
U1
U2 R7
R8
C1C2
C3 C4
C5
C6
C7
C8R1
R2
R3
R4
R5
R6
R9
R10
J1
C9
C10U1U1x
1
U1x2
U1x3
U1x4 U1x5
U1x6
U1x7
U1x8
U2U2x
1
U2x2
U2x3
U2x4 U2x5
U2x6
U2x7
U2x8
R7R7x1R7x2
R8R8x1R8x
2C1C1x1C1x2C2C2x1C2x2
C3C3x1C3x2 C4C4x1C4x2
CC5x1 C5x2
CC6x1 C6x2
CC7x1 C7x2
CC8x1 C8x2R1
R1x
1
R1x
2
R R2x1R2x2
RR3x1 R3x2R4
R4x
1
R4x
2
R R5x1R5x2
RR6x1 R6x2R9R
9x1
R9x
2R10
R10x
1
R10x
2
J1J1x
1
J1x2
J1x3 T2
T2x
1
T2x
2
T2x
3
T2x
4
T2x
5
T2x
6
T2x
7
T2x
8C9C
9x1
C9x
2
C10C10x1 C1
0x2
Figure G.1: Grid voltage measurement board layout top view.
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Figure G.2: Grid voltage measurement board layout bottom view.
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Figure G.3: Soldered and ﬁnished grid voltage measurement PCB.
Figure G.4: Measurement transformer used in grid measurement circuit.
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H. TORQUE TRANSDUCER PHOTOGRAPH
Figure H.1: Purchased torque transducer installed between the motors.
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I. INCREMENTAL ENCODER PHOTOGRAPH
AND INTERFACE LAYOUT DESIGN AND
PHOTOGRAPH
Figure I.1: Purchased encoder connected to the motor shaft.
I. Incremental encoder photograph and interface layout design and photograph 94
Figure I.2: Incremental encoder dSPACE interface board layout top view.
Figure I.3: Soldered and ﬁnished incremental encoder dSPACE interface PCB.
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J. OPTICAL TRANSMITTER LAYOUT DESIGN
AND PHOTOGRAPH
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Figure J.1: Optical transmitter board layout top view.
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Figure J.2: Optical transmitter board layout bottom view.
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Figure J.3: Soldered and ﬁnished optical transmitter PCB.
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K. LOAD MOTOR CONTROL INTERFACE
LAYOUT DESIGN AND PHOTOGRAPH
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Figure K.1: Load motor control circuit layout top view.
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Figure K.2: Load motor control circuit layout bottom view.
K. Load motor control interface layout design and photograph 98
Figure K.3: Soldered and ﬁnished load motor control PCB.
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L. COMPLETE TEST SYSTEM PHOTOGRAPH
Figure L.1: Completed induction motor test bench including motors, converters, LCL
ﬁlters and the additional circuits.
L. Complete test system photograph 100
Figure L.2: dSPACE DS1103 and CP1103 connector panel.
L. Complete test system photograph 101
Figure L.3: Induction motor drive test bench PC user interface.
